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The design, fabrication and modification of a flexible sensor for the detection OF superoxide for 
investigations within a Mongolian gerbil’s cochlea were optimized.  Electron beam deposition 
was used to deposit a thin film of titanium followed by a layer of gold on a Kapton™ surface.  
Prior to deposition, oxygen plasma was used to planarize the Kapton surface for a smoother 
gold surface.  Typical lithography procedures were used to pattern gold electrodes, yielding up 
to four electrodes.  Delamination of gold from the binding layer was found minimized by the 
use of a desiccator, but was not completely eliminated.  It was also found that exposure of thin 
gold films to oxygen plasma yielded the cleanest gold surfaces for self assembled monolayers.  
Laser ablation was used to abstract the sensors from the excess substrate yielding a flexible 
circuit that is 2.5 cm in length and only 200 µM across the sensing tip. 
Initial attempts to reproduce a cited procedure to utilize immobilized superoxide dismutase 
(SOD) for the working electrode was unsuccessful.  However, Cytochrome C was immobilized 
using 3,3’–Dithiodipropionic acid di(N-hydroxysuccinimide ester) (DTSP) and found to yield 
appropriate responses when exposed to superoxide.  Brief, but promising, attention is given to 
the initial developments in using potassium superoxide as a more reliable superoxide source 
than the xanthine/xanthine oxidase system. 
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The sensor is tested in the presence of common biological interferents.  NADH, citric acid, and 
uric acid, showed negligible effects on the sensor’s function.  While hydrogen peroxide is 
known to reduce Cytochrome C, its effect in the presence superoxide are nearly immeasurable.  
However, H2O2 hinders the ability of superoxide dismutase to return signal fully to baseline.  
Glucose is present in cochlear fluids and showed a 16% decrease in current when introduced in 
the presence of superoxide and, like hydrogen peroxide, hindered the effectiveness of 
superoxide dismutase in returning signal to baseline.   
The sensor was placed through the round window of a gerbil cochlea to examine the fitting 
constraints.  The 200 µm tip allowed for ample space.  The sensor showed expected responses 
when superoxide was diffused through the cochlea, proving ability of detection within natural 
fluids.  
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CHAPTER 1 
INTRODUCTION AND OUTLINE OF RESEARCH 
Reactive oxygen species (ROS) have been the subject of intense biomedical interest for 
decades, but are still incompletely understood.  With an unpaired electron, they have 
potential to react with anything with which they come in contact.  Once the existence of 
ROS was established, the effects of ROS were brought to the forefront of research.
1, 2
  
They are a double edge sword, being biologically necessary but also biologically 
devastating.
3-5
  Natural defenses against the over-abundance of ROS, such as 
antioxidants, exist.  However, under extreme conditions, natural defenses fail or are 
overwhelmed, leading to death or morbidity.
6
 
ROS have been linked to the irreversible hearing loss caused by exposure to loud noise.  
Noise induced hearing loss (NIHL) is caused by the destruction of hair cells within the 
hearing organ of the body, the cochlea.
7, 8
  The hair cells are not actual strands of hair.  
Instead, they are living cells projecting structures on the top that resemble hair.  Once 
these hair cells die, they cannot regenerate, causing permanent hearing loss.  The 
mechanism by which loud noise leads to cell death is unknown.  Studies have found 
specific markers that are indicative of exposure to superoxide.  There are three 
hypotheses that can explain the relationship between superoxide and NIHL. 
1. Superoxide is generated from cavitation-induced reduction of dissolved oxygen 
which then attacks and kills hair cells. 
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2. High sound intensity overloads the ability of hair cells to maintain Donnan 
equilibrium, killing the hair cells, after which mitochondria, freed of cellular 
regulation, generate superoxide which subsequently oxidizes surrounding 
tissues.  
3. A combination of the first and second hypotheses feed off each other, creating a 
domino effect of destruction. 
Evidence for intra-cochlear superoxide does exist.
9-14
  However, with the high reactivity 
of superoxide these methods are not direct (i.e. fluorometric detection is cumulative, 
not instantaneous).  Electrochemistry offers a real-time detection method on the 
micron-scale at which electrodes can be made.  Sensors for the detection of nitric oxide 
and indirect detection of hydroxyl radical within the cochlea have been published.
15, 16
  
However, there is no such publication as yet for intraoaural superoxide detection.  The 
previous studies of ROS in the cochlea have utilized pulled capillary electrodes that are 
placed within the cochlea by piercing the spiral bundle.  However, pulled capillaries are 
known to be brittle and when bundled, can limit placement due to size renstrictions.  
What would be ideal for NIHL research, and what is described in this dissertation, is the 
development of a flexible superoxide sensor which can incorporate several electrodes 
within a small area and volume. 
Chapter 2 gives a review of pertinent background information needed for the rest of the 
dissertation.  It details the biological importance of ROS, specifically superoxide and the 
catastrophic effects that occur when a system is overloaded.  Indirect detection 
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methods are reviewed and the numerous benefits of electrochemistry for real time 
detection of superoxide are explained.  Finally a brief overview of the hearing process 
and physiology of the cochlea is given. 
Upon development of a superoxide sensor, it was clear that a reliable source of 
superoxide is needed for calibration.  The textbook method was less than ideal, 
initiating the search for a more reliable source.  Chapter 3 describes the effort put forth 
to find a stable source of aqueous, neutral superoxide from potassium superoxide.   
When this project started, the idea was to adapt literature methods to design the 
desired sensor.  What was soon realized was that literature did not have what was 
needed.  Our situation required a sensor which we presumed was only a minor 
embellishment on existing designs.  So what started out as creating a sensor within six 
months and testing for subsequent years, turned into a research project devoted to 
creating a superoxide sensor applicable to in vivo analysis.  The design, fabrication and 
modification of such an electrode are outlined in Chapter 4. 
A superoxide sensor is only useful if it responds selectively to superoxide.  Chapter 5 
investigates the response of the superoxide sensor.  It also details the complications of 
the detection such as noise interference and struggles in calibration with the current 
method of generating superoxide.  Lastly, it investigates interferences by common 
biological small molecules and ultrasonic cavitation. 
The culmination of design, fabrication and modification is shown in Chapter 6, as the 
superoxide sensor is placed within a dead cochlea and tested for superoxide response.  
4 
 
Again restrictions with the current method of superoxide generation are discussed.  A 
final review of successes and future directions of the sensor are discussed in Chapter 7. 
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CHAPTER 2  
REACTIVE OXYGEN SPECIES, THE INNER EAR AND NOISE INDUCED HEARING LOSS 
This chapter reviews the impact that superoxide can have upon a biological system and 
the importance of a real time sensor to monitor superoxide.  Specifically, it goes into the 
background of reactive oxygen species and cites reports of a direct correlation to noise 
induced hearing loss.  By going through the previous studies on superoxide and noise 
induced hearing loss, a strong case is made concerning the need for a real-time method 
for detecting superoxide.  
2.1 Reactive Oxygen Species (ROS) 
It was just over 50 years ago that the importance of reactive oxygen species (ROS) in 
biological systems was established.  Denham Harmon, in 1956, described ROS as a 
Pandora’s Box that may be responsible for a large percentage of cellular damage.
1, 2
  
However, it was not until 1969 when McCord and Fridovich were able to convince the 
scientific community of the importance ROS have in biology.
3
  The next few decades, 
research was aimed towards investigating the damage left in the wake of ROS.
4
  
Recently, increasing effort has focused on the mechanistic role of ROS.
5-7
 
Reactive oxygen species (ROS), otherwise known as oxygen radicals or pro-oxidants, are 
molecules or ions formed by the reduction of oxygen.  These species include, but are not 
limited to, singlet oxygen, superoxide, peroxides, the hydroxyl radical and hypochlorous 
acid.  Since some of these species contain an unpaired valance electron, ROS are highly 
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reactive.  ROS can be generated via photochemistry and by toxic chemical or drug 
exposure.  Biologically, ROS are created when oxygen is reduced aerobically during 
metabolism and play a role in cell signaling.
8
  During times of environmental stress, 
however, ROS generation can increase and cause damage to vital cell structures which 
may lead to apoptosis or necrosis.  95% of O2 is either used in ATP production or in 
other areas of metabolism.  Surprisingly, up to 2% of biological oxygen is reduced to 
superoxide via electron transport within the mitochondria and microsomes.  The 
formation of superoxide can initiate a surge of ROS development (Figure 2.1) and 
subsequently, irreversible damage.  Superoxide dismutates quickly and spontaneously 
into hydrogen peroxide and oxygen.  Hydrogen peroxide can then be reduced into 
hypochlorous acid(in the presence of myeloperoxidase) or into the hydroxyl radical.  
 
Figure 2.1 A reaction diagram showing the several mechanisms that molecular oxygen can 
undergo resulting in the formation of reaction oxygen species. 
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Cells use enzymes such as superoxide dismutase (SOD) or small molecular antioxidants, 
such as ascorbic acid, as natural defenses against ROS attack.
9
  However, cells cannot 
compensate for large concentrations of ROS which can cause peroxidation of lipids, 
denaturation of DNA, and damage to proteins, membrane-bound enzymes and 
receptors.  This can limit a cell’s ability to maintain ionic equilibrium and can eventually 
lead to cell death or any number of diseases.
10
 
2.1.1 Superoxide  
Superoxide is the result of a one-electron reduction of molecular oxygen and like 
molecular oxygen it is paramagnetic.  The Lewis electron configuration of superoxide 
can be seen in Figure 2.2.   
 
Figure 2.2  Lewis dot structure of superoxide.  Note the unpaired valance electron which causes 
superoxide to be very reactive. 
Like other ROS, superoxide is highly reactive.  The dismutation of superoxide, Equation 
2.1, yields molecular oxygen, hydrogen peroxide and ultimately the hydroxide ion, 
Figure 2.1.  
                                           (2.1) 
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This degradation process is pH dependent.  At a pH of 6.5, the half life of superoxide is a 
mere 0.26 seconds.  However, as the pH is increased to 7.5 (physiological level) the half 
life increases by a factor of ten to 2.6 seconds.
11
   Superoxide also deteriorates via 
Fenton chemistry , Equation 2.2. 
                                                   (2.2) 
Superoxide is not only necessary for physiological processes but it has also been 
implicated in disease pathology.  Superoxide is a byproduct of cellular respiration and 
involved in cell signaling and is also deployed by the immune system as a mechanism to 
kill invading microorganisms.
12
  However, when the body can no longer compensate for 
the production of superoxide, several pathological events can occur which can 
ultimately lead to cancer, ischemia/reperfusion damage, diabetes, aging-correlated 
pathology, and cardiovascular disease.
1, 2, 9
   
2.1.2 Hydrogen Peroxide 
Hydrogen peroxide is a weak acid with such strong oxidizing capacity that it is 
considered a ROS.  It has greater oxidation potential (1.8 V) than chlorine (1.4 V), 
chlorine dioxide (1.5 V) and potassium permanganate (1.7 V).  Furthermore, when 
reduced, it produces the hydroxyl radical, which possesses reactivity second to only 
fluorine.  It is a natural byproduct of oxygen metabolism and the self dismutation of 
superoxide.  Biologically, low levels of hydrogen peroxide are kept in check by enzymes 
11 
 
known as peroxidases or catalases which convert hydrogen peroxide into water and 
oxygen, Equation 2.3. 
                                                         (2.3) 
Decomposition is dependent on temperature, concentration and pH along with other 
impurities.  It also plays a role in the immune system of zebra fish and humans.  
Researchers have evidence to suggest that hydrogen peroxide is released to signal white 
blood cells to migrate to fresh wounds to start the healing process.
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2.2 Detection of Superoxide 
When developing a detection scheme for any ROS in vivo, there are several 
considerations to keep in mind.  First, the detection should be on the order of sub 
second due to short half life of superoxide.  Preferably, the detection method can be 
used in real time and is sensitive enough to follow micron level concentration changes.  
This can be difficult as ROS are reactive and known to interact without discretion.  
Second, the detection method needs to have a low limit of detection as the 
physiological levels of ROS are rather low and the changes in concentration will 
necessarily be even be lower.  Third, the detection method has to be selective for the 
desired ROS.  Last, but not least, the detection should be compatible with in vivo testing 
(biocompatible and size compatible) so as to not disturb other equilibria.   
Electron spin resonance (ESR) has been a reliable way to monitor ROS.  However, it has 
long averaging times, is restricted in sensitivity.
14
  High performance liquid 
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chromatography (HPLC) is another popular form of ROS detection but requires digestion 
of the biological samples, which is not compatible with in vivo work.
15, 16
  
Chemiluminescence also offers specific targeting of certain ROS species.
17-19
  However, 
the chemicals involved may easily disrupt the biological system it is trying to monitor or 
may cause a disingenuous reaction to oxidative stress.  
2.2.1 Electrochemical Detection of Superoxide 
All the previous detection methods mentioned were able to fulfill all of the 
requirements of in vivo detection of superoxide, except for the real time data 
acquisition and the size restriction.  Electrochemical detection is able to compensate 
where these other detection methods fail.  It also offers more flexibility due to the small 
scale to which electrodes can now be made.  Biosensors, where a protein is used to 
specifically target a species of interest, are a very popular choice for the electrochemical 
detection of superoxide.  The overlying idea is that a protein can be anchored to an 
electrode surface, and given the correct potential, the protein can either be oxidized or 
reduced by the species of interest.  In return, the electrode surface reverses the redox 
reaction, generating a current that is proportional to the concentration of the species of 
interest.  Such an electrochemical setup where a potential is held constant and the 
current is monitored, is defined as chronoamperometry. 
Cytochrome C, see Figure 2.3, is a heme protein that can be found within the inner 
membrane of mitochrondria.   It can function as a catalyst for hydroxylation and 
aromatic oxidation and is an initiator in apoptosis.  Cytochrome C also has the ability to 
13 
 
be reduced by superoxide and can be anchored to the surface of an electrode using a 
promoter species, see Figure 2.4. 
 
 
Figure 2.3 Molecular model of Cytochrome C, showing the heme center.  Permission granted 
from www.wikipedia.org under the terms of the GNU Free Documentation License. 
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Figure 2.4 Chemical layout of a Cytochrome C electrode where the heme center is reduced by 
superoxide.  The Fe
2+
 is then oxidized by the gold surface creating a current proportional to the 
concentration of superoxide in solution. 
The first such electrode was constructed by Taniguchi et al. where Cyctochrome C was 
immobilized using 4,4’-bipyridyl and bis (4-pyridyl) disulfide was the promoter.
20, 21
  
Since then, there have been several reported mediators used to immobilize Cytochrome 
C onto an electrode surface to monitor superoxide concentration.  Self assembled 
monolayers (SAMs) of thiols are a popular choice where Cytochrome C is immobilized 
either electrostatically or through covalent bonding.  Cytochrome C electrodes for the 
detection of superoxide have received a vast amount of attention in the literature.
22-28
 
Though the mediator varies, all studies have shown the same result:  Cytochrome C is 
reduced by superoxide to yield a measureable current proportional to the concentration 
of superoxide.  A downfall of Cytochrome C as a detection protein is its ability to be 
reduced by hydrogen peroxide, a species that coexists with superoxide as a byproduct of 
superoxide’s self dismutation.  While hydrogen peroxide can be considered an 
interferent, studies have shown that if superoxide is present, there is no interference of 
15 
 
hydrogen peroxide.
28
  However, in an in vivo environment, it would be impossible to 
distinguish between a superoxide signal or one caused by hydrogen peroxide sans 
superoxide.  
Superoxide dismutase is an enzyme that catalyzes the dismutation of superoxide into 
oxygen and hydrogen peroxide.  It is part of a cell’s natural antioxidant defense.  The 
discovery of SOD was what brought the importance of ROS to the forefront of science.
3
  
SOD envelopes three main families, each containing a different metal cofactor: Cu/Zn 
which contains copper and zinc, Mn and Fe which contains either manganese or iron, 
and one that contains nickel.  Cu/Zn-SOD is a homodimer, with the two subunits united 
by hydrophobic and electrostatic interactions, Figure 2.5.  It is most commonly found 
among eukaryotes and is commercially available, purified from bovine erythrocytes.  Mn 
or Fe-SOD are used by prokaryotes and protists.  Fe-SOD is found in E. Coli and other 
bacteria and also in plastids of plants.  Nearly all mitochondria and some bacteria 
contain a form of Mn-SOD.  Ni-SOD is prokaryotic .  It contains a hexametric structure 
containing 4-helix bundles.  A study highlighted the importance of SOD by genetically 
engineering mice that lack the Sod2 gene in the MnSOD.  None of the mice survived 
more than a few days after birth due to exposure to extreme oxidative stress.
29
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Figure 2.5.  Molecular model of Cu/Zn SOD, showing the copper (teal sphere) and zinc (grey 
spheres) centers.  Permission granted from www.wikipedia.org under the terms of the GNU Free 
Documentation License. 
Superoxide dismutase, unlike Cytochrome C, is specifically reduced only by superoxide.  
Without competing species, SOD is an ideal protein for a superoxide biosensor.   In 
nature, SOD can be either reduced or oxidized by superoxide.  Amperometrically, SOD 
can be used to either oxidize or reduce superoxide depending on the applied potential 
offering more flexibility, Figure 2.6. 
17 
 
 
 
Figure 2.6 In blue, the natural reaction of superoxide dismutase, demonstrating the oxidation 
and reduction of the copper center.  In red and green are two different mechanisms by which 
superoxide dismutase can be used to electrochemically monitor superoxide. 
SOD can be immobilized onto an electrode surface in many different ways: entrapping it 
within a thin layer of polypyrrole
30-33
 or gel membrane
34, 35
, electrostatic and covalent 
attachment via SAMs
36-39
, and using genetically engineered SOD that can form a SAM of 
its own.
40
   
Superoxide has such a high reactivity that it makes direct detection very difficult.  
Because of that, it is easier to detect the more stable byproducts of the SOD and 
18 
 
superoxide reaction, such as hydrogen peroxide.
30, 32
  Such detection is termed a first-
generation sensor.  Second generation biosensors are based on electron transfer from 
SOD to a mediator instead of a measurement of enzymatic products.  Ohsaka used a 
methyl viologen mediator.
41
  Endo et al. used a mediator containing ferrocene-
carboxyaldehyde, cyanamide, and bovine serium albumin.
42
  The fastest and most direct 
detection of superoxide without a mediator is that of the third generation biosensor.  It 
has a simpler design, more desirable sensitivity and selectivity, and the working 
potentials are much lower than the first generation, avoiding interference from 
hydrogen peroxide.  Tian and coworkers have quite a few publications using thiols to 
directly immobilize SOD onto gold surfaces
38, 43-46
, Figure 2.7.
46
  Because the third 
generation sensor is based on the direct interaction of SOD and superoxide, either an 
oxidizing or a reducing potential can be used, allowing for potential preference to inhibit 
potential interferences.  Further discussion of Tian’s work can be found in Chapter 3.  
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Figure 2.7 An interpretation of superoxide dismutase being electrostatically anchored to a gold 
surface using cystiene. Used with permission
46
 
2.3 Noise Induced Hearing Loss (NIHL) 
Noise induced hearing loss (NIHL) is any hearing loss resulting from either a short term 
high frequency exposure or excessive exposure to loud sounds, and is 100% 
preventable.  The result is irreversible damage to the small sensory cells, called hair 
cells, which are located in the inner ear.  It has been estimated that 28 million 
Americans suffer from some variety of hearing loss, with NIHL being second only to 
hearing loss due to old age (though some fraction of hearing loss due to aging may have 
a noise-induced component).  Thirty million Americans are exposed to dangerous levels 
of occupational noise.  Lynch et al. reports the US Army Special Forces show that 11% of 
those subjects who underwent firearm training sustained measureable amounts of 
permanent hearing loss.  Data from the US Marines also showed the same 11% 
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disability.  Data from both studies mimic that of a previous study in 1995 where 11% of 
150 basic training soldiers from Israel experienced significant, irreversible hearing loss 
from weapons training.
47
  Combining occupational exposure with the dramatic increase 
of personal music devices and improvements to sound quality in the entertainment 
business, it is no stretch that NIHL will only increase over time.  While prevention is 
available, there is not always compliance for one reason (military: need for verbal 
communication on the battlefield) or another (entertainment: comfort).  Therefore, 
understanding the chain of chemical reactions responsible for noise induced hearing 
loss (NIHL) would not only help to create more convenient means of protection, but also 
give insight to help reverse the damage. 
2.4 Biology and Physiology of the Ear 
The biology and physiology of the ear has been well studied.
48
  The ear consists of three 
major parts, the outer, middle, and inner ear.  Briefly, sound enters the outer ear and 
travels down the ear canal to its distal terminus, where the sound waves cause the 
tympanic membrane to vibrate.  The vibrations of the tympanic membrane send the 
bones of the middle ear into motion.  The last of these bones, the stapes, meets the 
cochlea at the oval window, Figure 2.8.  The vibrations of the stapes send the fluids of 
the cochlea in motion, which in turn, stimulate hair cells lining the cochlea.  The cochlea 
is separated into three compartments, the scala vestibuli, scala media and the scala 
tympani by the Reissner’s and the basilar membrane, respectively, Figure 2.9.
49
  The 
scala vestibule and the scala tympani are filled with perilymph, a fluid that is very 
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comparable to cerebrospinal fluid or plasma.  The scala media is filled with endolymph, 
a solution unlike any other in the body.  The composition of each fluid can be found in 
Table 2.1.
50
  The endolymph is held at a higher potential compared to that of the 
perilymph, about 85 mV.  This separation of is labeled the endocochlear potential and 
any small deviation is detrimental to the sensitivity of the cochlea.   
 
Perilymph Endolymph 
Na
+
 (mM) 141 1.3 
K
+
 (mM) 6.0 157 
Ca
2+
 (mM) 0.6 0.023 
Cl
-
  (mM) 121 132 
HCO3
-
 (mM) 18 31 
Glucose (mM) 3.8 0.6 
pH 7.3 7.4 
Protein 
(mg/dL) 242 38 
Comparable to 
cerebrospinal 
fluid/ nothing 
  plasma   
 
Table 2.1 The composition of the perilymph and endolymph 
It is along the basilar membrane that one finds the hair cells. When stimulated by the 
basilar membrane, the hair cells convert the vibrations into electrical impulses with 
highest of frequencies being distinguished at the basal end and the lowest of 
frequencies at the apex.  The electrical impulses are sent to the brain via the auditory 
nerve, for processing. 
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Figure 2.8 A cross section of the outer, middle and inner ear. Used with permission from the 
National Institute on Deafness and Other Communication Disorders.  www.nidcd.nih.gov 
 
 
 
 
 
 
 
Figure 2.9  Illustration of the cross section of the cochlea showing the three compartments. 
Used with permission
49
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Hair cells are the sensory receptors in the auditory system.  Located along the basilar 
membrane, hair cells acquired their name by the stereocilia found at the top of each 
cell.  The stereocilia reside in the scala media and are divided into two types: outer hair 
cells and inner hair cells.  Outer hair cells have not been found to send neurological 
signals to brain.  Instead, they are believed to amplify low-level sound.  The outer hair 
cells also regulate the potassium concentration in the endolymph.  It is the inner hair 
cells that send the neurological signals to the brain for analysis.    
The stiffness and mass of the basilar membrane is what allows for the spectral analysis 
of sound.  The stiffness of the membrane decreases from the oval window to the apex 
of the cochlea.  The energy of the fluid is transferred to the basilar membrane which 
then propagates towards the apex, Figure 2.10.
51
  As sound waves travels down the 
membrane, the velocity and wavelength decrease.  Eventually, the wavelength becomes 
resonates and propagation stops.  The place along the membrane where this happens is 
dependent on the initial frequency of the sound wave.  The hair cells located at the end 
of propagation are deflected, opening ion channels that allow potassium to enter the 
hair cell.  The depolarization of the cell creates a receptor potential allowing calcium to 
enter the cell, causing the release of neurotransmitters.  The neurotransmitters move 
from the hair cell to a nerve terminal triggering action potentials in the nerve.
52, 53
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Figure 2.10 Illustration of sound waves propagating down the basilar membrane.  Here the 
cochlea is shown uncoiled. Used with permission
51
 
2.5 The Inner Ear, ROS and NIHL 
The after effects of loud noise on the structures of the inner ear have been well 
studied.
5, 54-56
  Figure 2.11 shows SEM images of outer hair cells before (B) and after (A) 
noise exposure.
54
  The stereocilia transform from erect and orderly into a structural 
disarray.
54
  Such a structural loss results in an irreversible hearing loss. 
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Figure 2.11. Outer hair cell stereocilia damaged by intense noise (a) Intact stereocilia that have 
not been exposed to intense noise (b). Used with permission
54
  
While hair cells are the most prominent target of NIHL, they are not the only one.  Pillar 
cells, which are also found along the basilar membrane, also have been shown to be 
structurally damaged, as well as dendritic terminals of the auditory nerve, and 
sodium/potassium pumps.  The affects of noise induced hearing loss are not immediate.  
In fact, the most damage has been found to occur 2 to 30 days after exposure, with the 
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greatest loss occurring furthest from the apex where the highest frequencies are 
detected.
57
  
It is perfectly clear that intense noise damages the inner structure of the ear; however, 
the mechanism of destruction is not well understood.  It was not until the mid 1990’s 
that it became obvious that ROS play a major role.  Yamane and coworkers used 
histochemistry to deduce the presence of superoxide after exposure to rock n’ roll 
music.
58
  Ohlemiller introduced salicylate into the cochlea through the round window.  
After the subject was exposed to loud noise, the cochlear fluid was removed and 
analyzed by HPLC for the conversion of salicylate to 2,3-dihydroxybenzoic acid via 
reduction by the hydroxyl radical.  Through this method, Ohlemiller found a tenfold 
increase in the baseline concentration of the hydroxyl radical.  This paper also 
emphasized the need for better in vivo monitoring of ROS in the cochlea.
59
  While these 
two examples show a correlation between loud noise and formation of ROS, the 
approaches were indirect and neither one were able to locate the actual origin of the 
ROS. Nicotera et al were able to do just that by using a fluorescent dye that stains for 
lipid peroxidation, a classic indication of ROS exposure.  After a 2 hour exposure, 
pigmented guinea pig cochleas were flushed with a stain, exposing significant labeling 
correlating NIHL and ROS to hair cells.  Ohinata and coworkers confirmed lipid 
peroxidation of the hair cells later on in 2000.
60
 
While correlation has been established, causation has yet to be established.  Is ROS the 
genesis of NIHL by attacking hair cells?  Superoxide is a natural byproduct of electron 
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transport.  When a higher oxygen demand is placed on the cell, a consequence is a 
higher concentration of superoxide.  During noise exposure, the electron transport uses 
a significant amount of oxygen, resulting in an overproduction of superoxide which can 
then, in turn, attack the cellular structure.  Is the damage of the hair cells the first 
domino, releasing superoxide as the cells apoptose spilling the contents of the 
mitochondria into the cellular fluids?  Overstimulation of hair cells could cause a 
disruption in the ion fluxes of hair cells, causing a disruption in osmotic pressure, 
resulting in hair cells bursting.  Or could it be a combination of both scenarios? One 
thing is for certain: the only way to know is to monitor the generation of ROS in real 
time during noise exposure. 
2.6 Conclusion 
Superoxide has potential to wreck biological havoc.  There are natural defenses against 
a superoxide assault, however, sometimes these defenses are not enough causing the 
demise of cells.  In the case of the hair cells of the inner ear, a superoxide attack results 
in irreversible hearing loss.  While there have been many studies linking NIHL to 
superoxide, the evidence is merely suggestive as only the after affects can be visualized.  
What is needed is an electrochemical superoxide sensor that can be placed in vivo to 
monitor the real time concentrations of superoxide so that more concrete mechanism 
of NIHL can be established. 
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CHAPTER 3   
AQUEOUS SUPEROXIDE ON DEMAND 
This chapter examines effectiveness and shelf life of alkaline aqueous potassium 
superoxide as an on-demand source of biologically-compatible, hydrogen-peroxide free 
superoxide.  Until now, superoxide for biological and aqueous chemical experiments has 
commonly been generated using an unreliable reaction of xanthine (or other reductant) 
and oxygen, catalyzed by xanthine oxidase.  It is demonstrated that superoxide can be 
delivered at near-neutral pH from potassium superoxide stored at high pH and can have 
a shelf life up to 3.5 days.  The initial efforts in calibration are also demonstrated.  This 
work was done in collaboration with Francisco Javier Chaparro-Carrasquillo.  
Subsequent work is being completed by Edward Chainani and Aaron Keith and many 
Figures within this chapter may appear in future publications where one or more of 
them are the principle or co-author.  
3.1 Introduction    
Due to the importance of superoxide in biological systems, the detection of superoxide 
is of great interest.  Several detection schemes have been devised over the years.
1-15
  
However, before one can employ such detection, one must be sure that the signal is 
generated exclusively by superoxide, or that interferences are known and compensated.  
The textbook generation of steady state superoxide utilizes the enzymatic reaction of 
xanthine in the presence of oxygen and water, catalyzed by xanthine oxidase, Equation 
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3.1.
16-20
  The superoxide generated can self dismutate into oxygen and hydrogen 
peroxide, Equation 3.2.  
                          (3.1) 
                                (3.2) 
If both oxygen and xanthine are in excess, then the concentration of superoxide is solely 
dependent on the concentration of xanthine oxidase (XO) present and is proportional to 
the activity of xanthine oxidase as seen in Equation 3.3, as long as dismutation, as 
shown in Equation 3.4, is negligible.  
                                                                        (3.3)  
                                                                    (3.4) 
The net rate of superoxide production can be calculated by combining Equations 3.3 and 
3.4, resulting in Equation 3.5 
[O·]
 = 
 −  
 = [XO] −  [O
·]                                          (3.5) 
If one assumes a steady state of superoxide then d[·]/dt = 0 making the 
concentration of superoxide solely dependent on the concentration of xanthine oxidase. 
[O·] =   [XO] 
/
                                                             (3.6) 
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Here,  = 3 × 10  !  as measured by Behar et al at pH 7.4 21 and k1 can be 
calculated by the reduction of Cytochrome C in the presence of superoxide via the 
xanthine/xanthine oxidase reaction. 
The reduction of Cytochrome C can be monitored spectroscopically at 550 nm as seen in 
Figure 3.1 where k1is proportional to the slope of the curve in Figure 3.1. 
 
Figure 3.1 Reduction of Cytochrome C in the presence of superoxide as seen in the change in 
absorbance over time at 550 nm. 
The slope of the plot in Figure 3.1 can be related to change in concentration of 
Cytochrome C by Beer’s Law,  
[C#$ C]
 =  
%
ℇ' =  
( )
** +,% × ,%                                                   (3.7) 
where m = dA/dt, ℇ = 2100 M-1 cm-1, and b = 1 cm.   d[Cyt C]/dt can then be related to 
d[·]/dt  (Equation 3.8) and k1 can be calculated (Equation 9) and reinserted into 
y = 0.0007x + 0.0121
R² = 0.9959
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Equation 6 to yield the steady state superoxide concentration obtained in proportion to 
the volume of xanthine oxidase solution of known (or calibrated) activity employed. 
[C#$ C]
 = [XO] ×   =  
[O·]
                                                  (3.8) 
 =  [C#$ C] [XO]
                                                          (3.9) 
While the assumption of steady state is made for the calculation of superoxide 
concentration, it must be noted that the xanthine/xanthine oxidase reaction does 
deteriorate over time, causing the concentration of superoxide to slowly change over 
time, depleting after about 3 hours following initial contact.  Also, xanthine oxidase is an 
enzyme and its activity decreases over time.  Therefore it cannot be assumed that the 
same vial of xanthine oxidase will create the same concentration of superoxide from day 
to day.   Because of this, xanthine oxidase activity should be calibrated using 
Cytochrome C each time it is used.  One must as also be aware that the concentration of 
superoxide is dropping to zero over a three hour time frame.  In light of reaction 2, 
formation of H2O2 is expected in the presence of xanthine oxidase.  It has been known 
since the work of Fridovich that as xanthine oxidase ages, it undergoes a suicide reaction 
leading to the exclusive production of H2O2, not superoxide.
22
  One further drawback is 
the recent discovery that hydrogen peroxide is the major product of the 
xanthine/xanthine oxidase reaction, even at t=0.
23
  This is critical as hydrogen peroxide 
can also reduce Cytochrome C, causing false positives in the calibration of superoxide.  
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What would be beneficial is to have a non-enzymatic source of superoxide that is stable 
on the shelf for several days instead of several hours.  The ground work for such a 
source is presented here.  We take advantage of Behar’s observation that the half life of 
superoxide is pH and concentration dependent, at least in the absence of metal ions 
that can catalyze Fenton chemistry.  By dissolving potassium superoxide in potassium 
hydroxide at pH 13, not only can superoxide be present after several days, but that the 
solution can also be brought to neutral pH and still be calibrated. 
3.2 Instrumentation  
Spectrophotometric data is taken using a Hewlett-Packard 8452A diode array 
spectrophotometer.  
3. 3 Chemicals and Solutions 
Potassium superoxide, phosphate buffer saline (PBS), catalase, Cytochrome C, and 
diethylenetriaminepentaacetic acid  (DTPA) were purchased from Sigma (St. Louis, MO)  
Potassium hydroxide and hydrochloric acid were purchased from Fisher Scientific 
(Fairlawn, NJ).  All were used as received.  Potassium superoxide is kept under nitrogen 
when not in use. 
All KO2 solutions are made in plastic volumetric flasks due to the caustic effects of basic 
solutions on silica.  A 400 µM solution of KO2 is made as follows:  0.7100 g of KO2 is 
massed out under nitrogen and diluted to 100 mL using 0.85 M KOH and diluted as 
needed using 0.85 M KOH. 
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A 0.85 M HCl solution is created by diluting 7 mL of stock HCl to 100 mL using DI water. 
3.4 Procedure 
In each cuvette, 1.94 mL of PBS, 20 µL of catalase, 20 µL of DTPA, and 20 µL Cytochrome 
C solution are mixed together thoroughly.
16, 18, 20, 22
  A cuvette is placed into the 
spectrophotometer.  Using the kinetics setting with the HP software provided with the 
instrument, a background reading is taken.  The absorbance at 550 nm is monitored at 1 
Hz.  During each run, the cuvette is removed at 60 seconds and a volume of the 
potassium superoxide followed by an identical volume of 0.85 M HCl solution is added 
to the cuvette and mixed thoroughly. The cuvette is then placed back into 
spectrophotometer for the remainder of the analysis.   
 
3.5 Results and Discussion 
Potassium superoxide is an uncommon salt of superoxide that is synthesized by burning 
molten potassium in the presence of molecular oxygen.  It can undergo many chemical 
reactions, but the most relevant to this research is its dissociation which yields 
superoxide.  Behar first quantified the pH stability of superoxide.
21
  The half life of 
superoxide at physiological pH, assuming 100 µM, is 0.05 seconds.  If the pH were to rise 
to a pH of 14, theoretically the half life jumps to 2.0 × 10
4
 seconds or about 5 hours.  The 
first goal was to determine the shelf life of superoxide derived from potassium 
superoxide utilizing the kinetics of Cytochrome C reduction.  A typical kinetic response 
42 
 
of Cytochrome C in the presence of superoxide generated from KO2 can be seen in 
Figure 3.2  
 
Figure 3.2 Absorbance versus time for Cytochrome C before (0 -~30 s) and after (>50 s) the 
addition of 10  μL of 400 µM potassium superoxide. 
Here, the signal initially is at baseline.  At around 25 seconds, the cuvette was removed 
and 10 mL of 400 μM potassium superoxide was injected into the cuvette and mixed.  
The cuvette was placed back into the spectrophotometer at around 45 seconds.  The 
shift in absorbance is clear.  However, it was soon realized that for high volumes of 
KO2/KOH sample addition, there was a negative shift in absorbance.  At first it was 
thought that the concentration of Cytochrome C was limiting the reaction.  However, we 
soon realized that we incorrectly assumed that the PBS buffer would negate the effect 
-6.00E-02
-4.00E-02
-2.00E-02
0.00E+00
2.00E-02
4.00E-02
6.00E-02
0 50 100 150 200 250
A
b
so
rb
a
n
ce
Time (s)
43 
 
of addition of KOH to the system.  Analysis of pH in relation to the volume of 400 µM 
KO2 can be seen in Figure 3.3. 
 
Figure 3.3 pH change versus the volume of 400 µM potassium superoxide(0.85 KOH) added to 
PBS (pH 7.4) 
To counteract the alkaline effects of KOH, an equivalent volume of 0.85 HCl was then 
added to the cuvette immediately after the introduction of potassium superoxide.  The 
pH change when both potassium superoxide and hydrochloric acid were added into the 
cuvette can be seen in Figure 3.4 
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Figure 3.4 pH change when equal amounts of KO2 (400 µM in 0.85M KOH) and HCl (0.85 M) are 
added to PBS (pH 7.4) 
The same potassium superoxide solution used in Figure 3.2 was then tested for 
superoxide at 9, 12, 48, and 87 hours after creation.  The kinetic data can be seen in 
Figures 3.5 – 3.8.  Each kinetic response indicated the presence of superoxide.  Solutions 
tested beyond 87 hours occasionally gave responses, however not reliably.  Therefore, it 
was determined that superoxide remains present for up to 3.5 days after generation 
using potassium superoxide at a pH of 14.  Making calculations from the half life at pH 
14, after 87 hours, the concentration of superoxide is 12.5 µM.  There might be 
contaminants in the system which are causing a faster dismutation of superoxide.  
Contaminants may include free iron ions, resulting in Fenton chemistry (Equation 3.10) 
and the loss of superoxide. 
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Figure 3.5 Reduction of Cytochrome C from 10 µL potassium superoxide (400 µM) aged 9 hours. 
Figure 3.6 Reduction of Cytochrome C from 10 µL potassium superoxide (400 µM) aged 12 hours   
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Figure 3.7 Reduction of Cytochrome C from 10 µL potassium superoxide (400 µM) aged 48 hours   
 
Figure 3.8 Reduction of Cytochrome C from 10 µL potassium superoxide (400 µM) aged 87 
hours. 
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Fe/0  +   O·   →   Fe0  +   O                                                 (3.10) 
The responses seen in Figures 3.5-3.8 are different from that of xanthine/xanthine 
oxidase.  When xanthine/xanthine oxidase is mixed, superoxide is being generated over 
time before reaching a steady state concentration, yielding a change of absorbance over 
time.  Here, superoxide is already at maximum concentration, the dismutation of 
superoxide is small in comparison, and a steady state response is achieved before the 
cuvette is placed back into the spectrophotometer. 
The same cannot be said of low concentrations of superoxide generated in the same 
manner.  In this case, the dismutation of superoxide is significant compared to the initial 
concentration of superoxide leaving Cytochrome C to compete for superoxide and 
yielding a response that is more logarithmic than instantaneous, Figure 3.9.  It was 
found that a relationship exists between the logarithmic slope of absorbance following 
mixing and the volume of potassium superoxide solution added, Figure 3.10.  It is clear 
that a simple, linear calibration for superoxide from potassium superoxide in the form of 
spectrophotometric analysis with Cytochrome C cannot be obtained due to dismutation 
of superoxide. But there does appear to be some relationship which will require 
additional work to understand.  Ironically, this venture was initiated to yield a new 
source of superoxide to calibrate a superoxide sensor, when in reality, the sensor is 
going to be needed for a calibration of potassium superoxide concentration.  The 
potential for internally consistent, but inaccurate calibration is worrisome. 
48 
 
 
Figure 3.9 Reduction of Cytochrome C (550 nm) from 10 µL potassium superoxide (40 µM) after 
the cuvette has been placed back into the spectrophotometer. 
 
Figure 3.10 Slope of logarithmic regression of Cytochrome C reduction at 550 nm when exposed 
to varying amounts of KO2 (40 µM) 
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3.6 Conclusions 
This chapter detailed the storage and stabilization of superoxide via potassium 
superoxide in 0.85 M KOH.  It was clearly shown that superoxide can be maintained in 
solution with reliable shelf life of 3.5 days, orders of magnitude longer than is possible 
at biological pH, but below the theoretical limit.  This may be due to impurities in the 
solution causing dismutation of superoxide to increase. It is also important to note that 
further testing should include a final introduction of catalase to eliminate possible 
interfering signals from hydrogen peroxide, a product of superoxide dismutation.  
Calibration of the potassium superoxide solution has proven not to be straight forward. 
The kinetic data varies by concentration of potassium superoxide due to the 
contribution of dismutation of superoxide and, probably, significant changes in pH and 
ionic strength.  Further investigation into the calibration of the potassium superoxide 
solution has been undertaken by Edward Chainani and Aaron Keith. 
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CHAPTER 4 
DESIGN, FABRICATION AND MODIFICATION OF MICRON-SCALED SENSOR 
Initial designs for the sensor were thought to need only minor adjustments from 
published macroscale sensors.  However, miniaturization brought unique problems that 
had yet to be addressed for this type of sensor.  This chapter details the endeavors in 
designing, fabricating and modifying these micron-scaled superoxide sensors.  Every 
effort was put forth in acknowledging the help from Edward Chainani.  Further work will 
be found in his dissertation.  Figures presented in this chapter are permitted to be used 
in future publications where he is the either first or co-author.   
4.1 Introduction  
Laitinen first coined the term “microelectrode” in 1939 to describe an electrode that 
was used to investigate, instead of modify, a system.
1
   Back then, electrodes measuring 
on the micro or nano scale were unfathomable.  Today, the term microelectrode, 
though never concretely defined, is typically used to describe any electrode whose 
dimensions are reasonably measured at the micron, or smaller, scale.  Bard and 
Faulkner define a microelectrode as an electrode with at least one dimension measuring 
at or below twenty-five micrometers.
2
  At and below this dimension, the electrode is 
believed to be smaller than the diffusion layer.  When this occurs, an electrode takes on 
characteristics that deviate from those of larger size:  
54 
 
• The IR drop is reduced dramatically, typically to the point where a counter 
electrode is unnecessary.  
• Steady state measurements are rapidly established. 
• Signal to noise ratio increases 
• The smaller size allows for these electrodes to be placed in systems that would 
not be possible with macroscale electrodes, such as in vivo applications. 
In most cases, for in vivo work, a microwire is encased in a pulled glass capillary, with 
the end finely polished, resulting in a planar microelectrode.  Common materials are 
platinum, gold and carbon.   The electrode is surgically placed in the area of interest, 
while a second reference/counter electrode is implanted elsewhere in the subject. 
While this seems to work reasonably well, pulling capillaries is more of an art than a 
science.  The diameter of the glass increases the physical size of the sensor being placed, 
making it more difficult to insert more than one electrode into the area of interest.  The 
rigidity and fragility of the sensor may also limit the accessibility of the system of 
interest. 
What would be ideal is a single sensor, which can incorporate multiple electrodes where 
each can be modified to become a combination of working, reference and counter 
electrodes as each experiment dictates.  Kapton™ has many attractive properties which 
would allow it to serve as the substrate for an in vivo device. It is chemically inert, 
retains its mechanical and electrical properties over a large range of temperatures, and 
one can manipulate it, keeping patterned electronics intact.
3
  It has been used in a 
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design for in vivo potentiometric studies.
4, 5
 What has not been done, and what is 
described here, is the design, fabrication and modification of a flexible, multi-electrode 
sensor which can be used for in vivo detection of ROS.  Instead of microarrays, each 
electrode is uniquely modified as a counter, reference or working electrode. 
The approach is to insert the sensor with minimal surgery into the first turn of the 
cochlea through the round window into the perilymph, a fluid comparable to 
cerebrospinal fluid and containing a large concentration of sodium. This pathway was 
chosen due to the simplicity of sensor placement.  While this area is not where hair cells 
are found, all three compartments of the cochlea eventually meet at the apex.  If ROS 
are generated, the thought is that they would diffuse to the perilymph and be detected.  
Another scenario could be that of cavitation where intense sound creates vapor bubbles 
that can rapidly collapse creating shock waves of radicals.    Either way, this sensor will 
be able detect the formation of ROS and help unravel the mysteries with the mechanism 
of ROS formation within the cochlea. 
4.2 Instrumentation 
Unless otherwise noted, a CH660 (CH Instruments) was the potentiostat used.  Unless 
stated, all electrochemical measurements were made using a Ag/AgCl reference 
electrode and a Pt counter electrode. All ebeam metal deposition was done on a 
Temescal six pocket E-Beam Evaporation System.  All UV exposure was completed using 
a Karl Suss MJB3 Mask aligner.   A HI3222 pH/ORP/ISE meter (Hanna Instruments) was 
used for all pH measurements. 
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4.3 Chemicals and Materials 
Unless noted, all chemicals are of reagent grade.  Mono- and dibasic potassium 
phosphate, oxalic acid, hydrogen peroxide, potassium carbonate, 3,3′-Dithiodipropionic 
acid di(N-hydroxysuccinimide ester)  and organic solvents were obtained from Sigma 
Aldrich (St. Louis, Mo).  Iridium (IV) chloride was bought from Strem Chemical 
(Newburyport, MA).  Kapton™ 500 FCP and 500 VN, both 127 micrometers thick 
(DuPont) were used for the sensor substrate.  Lithography was achieved using S 1805 
positive photoresist (Microchem), MF 319 developer (Shipley), and GE 8111 gold etch 
(Transene) . 
4.4 Sensor Design 
The overall idea of this sensor was to create a device that contained a working, 
reference and counter electrode for in vivo placement in a Mongolian gerbil cochlea.  
The physical pathway that the electrode must travel restricts the size of the sensor. The 
electrode is inserted through a pierced round window into the perilymph.  Ideally, the 
tip width needs to be 200 microns wide to be accommodated by the round window 
opening.  To reach the first turn of the cochlea, the entire sensor is required to be 2.54 
cm in length.   The initial design consisted of a gold coated square capillary where the 
electrodes would be patterned along two sides, is shown in Figure 4.1. 
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Figure 4.1  Original sensor design, utilizing a square capillary or solid quartz fiber as the 
substrate.  Two working electrodes are located at the tip of the sensor (gold rectangles).  A 
tungsten/tungsten oxide quasi reference electrode (grey rectangle) and a polypyrrole coated 
gold counter electrode are located on the shaft.  
The tip contains two working electrodes, one for superoxide and the other for hydrogen 
peroxide.  A reference electrode of tungsten/tungsten oxide and a polypyrrole coated 
gold electrode (counter electrode) are etched along the side.  Due to the number of 
electrodes and the restricted area of the gerbil cochlea, it was a requirement to utilize 
more than one side of the capillary.  Because of this, typical lithography procedures 
could not be used to pattern the gold.  Instead, gold coated capillaries were sent to be 
laser patterned.  It was soon discovered that internal reflection within the capillary 
made patterning a capillary impossible. It became clear that a planar electrode would be 
needed where one could utilize photolithography.   
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A collaboration with the Masel group yielded a silicon-based electrode.  The tip 
dimension was still only 200 micrometers wide, however the shaft was 4 inches long.   It 
quickly became clear that silicon was much too brittle to be employed where even the 
stress of penetrating the surface tension of water was required.  What was needed was 
a substrate that could handle the fabrication and modification procedures and the 
strains of in vivo placement.   
Kapton™, a flexible polyimide film supplied by DuPont, is a popular choice for flexible 
circuits.  Kapton™  was rinsed with a series of acetone, ethanol and isopropyl alcohol 
followed by gentle drying with nitrogen and gold leads are patterned using typical 
photolithography procedures.
6
  Briefly, an electron beam deposition was used to 
deposit 60 – 100 angstroms of titanium followed by 1500 – 3000 angstroms of gold.  The 
Au/Ti coated Kapton™ is then spin coated with S1805 positive photoresist (3000 rev/min 
for 30 s) and soft baked at 110 degrees Celsius (3 minutes).  After the Kapton™  is 
allowed to cool, it is exposed to UV light (300 W) for 12 seconds and placed in MF319 
developer for 15-20 seconds and immediately rinsed with distilled water.  Exposure for 
2-3 minutes in GE 8111 removed the residual gold and titanium.   Due to the precise 
dimensions required, laser cutting (Photomachining, Inc or in house with the UIUC 
machine shop) is used to extract the sensor from the Kapton™ sheet.  Detailed 
procedures can be found in Appendix A.  
While gold patterning on silicon has been perfected over the years
6
, the science behind 
fabricating gold on Kapton™ is less studied, a black art, and poorly documented in the 
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literature.  Adhesion proves to be a hurdle in the fabrication process and, later, for 
usage.  Chromium or titanium is typically used as a binding mediator between substrate 
and gold.  Both deposit easily onto the Kapton™ surface.  Initially, with chromium as the 
mediator, gold adheres rather well, passing the "scotch tape test."  Over time, gold 
begins to delaminate, leaving only the chromium layer behind.  The reason has yet to be 
determined and quite possibly caused by moisture or oxidation. A simple correction may 
just be the use of a dessicator.  It was found that gold will adhere onto the Kapton™ 
surface without any mediator with perfect adhesion; however, modifications of these 
fabricated gold surfaces were unsuccessful.  Other issues with the use of Cr and Ti are 
discussed in section 4.5.2. 
The first version of the Kapton™ sensor can be seen in Figure 4.2.  
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Figure 4.2 Illustration of three electrode setup on Kapton™ .  The entire sensor is 2.5 cm long 
with the shaft having a width of 200 micrometers.  A glass insertion capillary is included in the 
design for puncturing the round window. 
Here, the tip of the sensor is still only 200 microns wide, with the shaft of the sensor 
measuring nearly 2 cm long.  The gold leads measured 15 microns wide. Adding an 
additional working electrode (Figure 4.3) led us to shrinking the lead width to only 10 
microns wide.  However, designing for only 2 electrodes allowed the traces to increase 
to 50 microns wide.  Areas to be isolated from the environment were to be covered with 
a thin layer of PMMA and glass insertion capillary to be used for in vivo placement. Chris 
Sorce offers insight into the PMMA coating in his thesis.
7
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Figure 4.3  (a) Illustration of the four electrode design. The entire sensor is 2.5 cm long with the 
shaft of the sensor being 200 microns wide.  The gold traces are 10 microns wide.   
Gold was ductile enough to bend with the Kapton™ and the Kapton™ was robust 
enough to remain intact while in use.  However, the fabrication of the gold leads 
became an issue due to the large aspect ratio (long shaft, small features). The 200 
micron width extended the entire length of the electrode, increasing the likelihood that 
defects would arise, breaking the patterned leads.  To alleviate this issue, the biological 
constraints were reexamined.  Instead 200 micrometer wide shaft being 2 cm long, it 
was possible to decrease the 200 micrometer wide section of the shaft to 3 mm long, 
alleviating the issues with the high aspect ratio gold traces and fabrication of the 
Kapton™  sensor much more efficient, Figure 4.4.   
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Figure 4.4  The latest four electrode setup.  The entire sensor is 2.5 cm long.  The 200 
micrometer wide shaft is only 3mm long instead of 2 cm long.  There are three electrodes with 
15 micron traces and one electrode with 30 micron traces 
There have been variations made by Edward Chainani, redesigning the contact pads to 
place into a connector for electrochemical work and will be discussed more thoroughly 
in his dissertation. It is this design that is used in all the in vivo studies.  The overall 
design of the three electrode Kapton™ sensor can be found in Figure 4.5 with detailed 
measurements in Figures 4.6 – 4.9.  The overall design of the two electrode Kapton™ 
sensor can be found in Figure 4.10 with detailed measurements in Figures 4.11 – 4.14.  
Sharp angles have been smoothed out to relieve any stress on the gold where the 
electrode substrate changes dimensions. In this design, areas that are to be isolate are 
protected by a layer of polyimide, which is hand painted and cured at 100
o
C for an hour.  
Initially, small wires were soldered onto the connection pads using a low temperature 
solder (Indium Corp).  Later this evolved into using a flex circuit connector, designed by 
Edward Chainani, as will be discussed in detail in his dissertation. 
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Figure 4.5 Overall design of the three electrode Kapton™ sensor, broken down into four parts 
for easier description of measurements.  
 
 
Figure 4.6 Section A of of Figure 4.5.  Dimensions of the tip are displayed here in micrometers.  
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Figure 4.7 Section B of Figure 4.5.  Dimensions shown in micrometers and degrees. 
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Figure 4.8.  Section C of Figure 4.5.  Dimensions shown in micrometers and degrees. 
 
Figure 4.9 Section D of Figure 4.5, the contact pads.  Dimensions shown in micrometers and 
degrees 
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Figure 4.10 The overall design of the two electrode Kapton™  sensor broken down into four 
parts for easier description of measurements 
 
 
Figure 4.11 Section A of Figure 4.10, the tips of the electrodes. Measurements shown in 
micrometers 
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Figure 4.12 Section B of Figure 4.10.  All measurements shown in micrometers and degrees. 
 
 
Figure 4.13 Section C of Figure 4.10.  All measurements shown in micrometers and degrees 
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Figure 4.14 Section D of Figure 4.10, the contact pads.  All measurements shown in micrometers 
and degrees. 
Just as the in vivo environment dictates the design of the sensor, it is the design of the 
sensor that dictates the modification process of each electrode.  Instead of a microarray 
where each electrode is modified in the exact same way, here each electrode is uniquely 
modified.  With the electrodes being in a restricted area, the flexibility in designing a 
process of modification is limited.   Sol gel methods or any other method where an 
electrode is dipped into solution or painted with a gel is impossible for this set up as 
each electrode must retain its integrity.  Also, due to the Kapton™ substrate, some 
solvents such as DMSO, ethanol, or solutions of low pH have to be avoided or used only 
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briefly as they compromise the Kapton™ structure.  Electrochemical methods allow for 
isolated fabrication of electrodes, whether it is plating a metal layer or removing 
unwanted contaminations.  Iridium oxide can be electroplated and utilized as a quasi 
reference electrode.
8
  Polypyrrole can be polymerized at physiological pH onto the gold 
counter electrode to help protect it from biofouling, if a counter is deemed necessary.  
With both the reference and working electrode modified, the sensor can be placed into 
a thiol solution followed by a protein solution to modify the working electrode. 
4.5 Cleaning of the Patterned Gold Electrodes 
4.5.1 Procedure  
Freshly patterned gold leads on a Kapton™ surface were rinsed with acetone, ethanol 
and isopropyl alcohol (IPA) and dried with nitrogen gas.  The sensor was then placed in 
an oxygen plasma cleaner (PDC – 32G, Herrick Plasma, Ithica, NY) and exposed on the 
high setting for 1 minute.  The sensor was immediately removed and placed in deionized 
DI water until used. 
4.5.2 Discussion.  
The heart of a perfectly modified electrode is a perfectly clean surface.  Bulk gold 
electrodes are typically cleaned using a variety of processes such as mechanical 
polishing using aluminia powder, sonication in ethanol and/or water, exposure to 
piranha bath and/or repeated cycling in 0.05 M sulfuric acid.  Alumina powder is too 
abrasive for thin films.  It was found that acidic cycling of thin film gold (with a Cr 
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adhesion layer) on Kapton™ would cause delamination of gold due to the solubility of Cr 
in sulfuric acid as seen in figure 4.15. Piranha created too harsh of an environment, 
causing Kapton™ to warp and gold to delaminate.  A survey of literature using gold 
patterned electrodes on Kapton™ found either vague or no instructions for cleaning the 
gold surfaces prior to being modified.
9-11
 Gold/Kapton™ electrodes have been used in an 
unmodified fashion.  Therefore, the quality of the gold surface after fabrication was not 
as important as it is now.  After several months, it was found that short exposure to 
oxygen plasma showed no damage to either the Kapton™ surface or to the patterned 
gold and produced clean gold surfaces. 
 
Figure 4.15. Microscopic picture of delamination of gold from chromium adhesion layer. 
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4.6 Modification of the Reference Electrode 
4.6.1 Procedure.   
Preparation of the iridium oxide plating solution was published in literature
12
 and is 
used as follows.  75 mg of iridium (IV) chloride is placed in 50 mL of DI water and stirred 
for 10 minutes.  500 μL of hydrogen peroxide ( 30% ) is then added to the Ir solution and 
stirred for 10 minutes. Oxalic acid (0.177 g) is added to the solution and stirred for an 
additional 10 minutes.  Finally, the pH is brought to 10.5 using potassium carbonate.  
The yellow plating solution is allowed to sit for two days, where the solution turns to a 
bluish purple due to a change in oxidation state and is ready for use.  It can be stored at 
4
o
C for up to a month. 
A clean gold electrode is then placed in the plating solution and is pulsed between 0.0 V 
(0.5 s) and 0.55 V (0.5 s) for 80 minutes, yielding a dark blue film over the gold surface.   
The electrode is placed in a pH 7 buffer, at room temperature for 2 days.  Close to the 
time of use, the IrOx electrode is conditioned by applying 200 mV for 10 minutes.  When 
not in use, the electrode is stored in a pH 7 buffer at 4
o
C.
13
    
4.6.2 Results and Discussion.  
The overall purpose of this sensor, is to be used in an in vivo environment where most 
biological fluids are naturally buffered around pH 7.4.  This is beneficial in many ways 
but definitely when designing a micron scaled reference electrode.  Due to the 
buffering, a quasi-reference electrode can be employed, removing complications of 
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liquid junctions and eliminating the difficulty of miniaturizing a common reference 
electrode.  The initial design was to fabricate a tungsten/tungsten oxide reference 
electrode where the W/WO2 would be trapped in a polypyrrole film in a plum pudding 
scenario.   However, the plating of this mixture was uncontrollable and solvents proved 
to cause deformations of Kapton™.  It was then discovered that iridium oxide could not 
only be used as a stable pH electrode but also as a biologically compatible quasi-
reference electrode.
14-16
  Iridium oxide can be placed onto an electrode surface in many 
ways including thermal deposition, sputtering of iridium from an iridium target, 
electrochemical oxidation of an existing iridium substrate and electrodeposition using a 
plating solution.
12, 17-19
  Considering that each of the electrodes on the Kapton™ sensor 
is to be uniquely modified, it is important that the procedure used to create the iridium 
oxide electrode needs to be selective.  Therefore, electrodeposition is the most 
appealing of all the techniques listed.  Even then, however, there have been several 
electrochemical techniques designed to plate iridium oxide. Elsen provides an adequate 
review on this topic.
20
  Cyclic voltammetery was initially used to plate the iridium from 
the solution described in the procedure section. Driving the potential reductively 
created a layer of iridium on the surface of the electrode, while the reverse sweep 
oxidized the layer.  By repeating the cycling, several layers of iridium oxide were 
deposited onto the surface of the electrode, resulting in a dark, thick layer of iridium 
oxide. An obvious defect of this procedure is that the growth of the iridium is not only 
from the surface of the electrode out but also laterally, eventually bridging to 
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neighboring electrodes. The deposition was also not uniform and the open circuit 
potential in a pH 7 buffer was unstable. 
The pulsing procedure (Section 4.6.1) creates clean, sharp-edged iridium films in similar 
fashion to cycling where layers of iridium are oxidized with the thickness of the layers 
dependent on the length of time each pulse is held as seen in Figure 4.16. 
 
Figure 4.16.  Microscopic picture of the three electrode Kapton™ sensor with Iridium Oxide 
plated on the center electrode. 
Previously, it was found that this type of iridium oxide film, when stored in pH 7 buffer, 
was stable for months
13
 and showed very little drift. For iridium oxide to operate ideally, 
there must be a good mix of Ir
3+
 and Ir
4+
.  As the ratio changes, the potential of the 
electrode can shift, causing a drift, as one expects from the Nernst equation. Hitchmann 
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proved this when working with anhydrous IrOx, showing the overall potential and 
stability could be improved by subjecting the IrOx to appropriate potentials for 5 – 30 
minutes.  This was seen in literature
13
 and in our experiments.  A 3mm bulk gold 
electrode was plated with IrOx and exposed to different pH levels.  Long exposure to pH 
4 and pH 10 caused a near 55mV shift in the open circuit potential.  However, after 
biasing the IrOx to 200 mV for 10 minutes, the original open circuit potential was 
reestablished, Table 4.1.  As also can be seen in Table 4.1, one must be hesitant to use 
iridium oxide as a reference electrode if measurements are to be taken in extreme pHs 
(below pH6 or above pH 9) for an extended period of time (> 10 minutes).   
 
Table 4.1  Open circuit potential of the IrOx reference electrode in pH 7 buffer immediately after 
conditioning, after the electrode had been exposed to high and low pH for an extended period 
of time, then reconditioned at 200 mV.  
This procedure was then reproduced on the Kapton™ sensors described in section 4.4 
and the resulting CV can be found in Figure 4.17 which is identical to that found in 
literature.
13
 The open circuit potential of iridium oxide over time can be seen in Figure 
4.18. 
Open Circuit Potential (V) 
Immediately after Conditioning 2.1388 × 10
-1 
 ±  4 × 10
-5
 
After Extreme pH Exposure (pH 10) 1.590 × 10
-1
 ± 4 × 10
-4
 
After Conditioning 2.133 × 10
-1
 ± 2 × 10
-4
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Figure 4.17.  CV of electrodeposited iridium oxide on thin film gold in 25 mM phosphate buffer 
(pH 7.4) at 100 mV/s. 
 
 
Figure 4.18 Open circuit potential of iridium oxide on thin film Kapton™ electrode. 
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Due to iridium oxide’s sensitivity to pH, it has also been used as a pH electrode in 
biological studies.  This property would also allow a pH electrode to be incorporated 
onto the Kapton™ sensor if another suitable reference electrode can be utilized.
8, 13, 19
 
4.7 Modification of the Working Electrode 
4.7.1 Procedure.    
This procedure is largely based on that of Chen et al. Briefly, a clean gold electrode is 
placed in a 10 mM (dried oversives DMSO) solution of 3,3′-Dithiodipropionic acid di(N-
hydroxysuccinimide ester) (DTSP) for 2 hours at room temperature.   Once removed, the 
electrode is lightly rinsed with dry DMSO, then DI water and dried with nitrogen.  Gold 
surfaces where DMSO is not desired can be placed in 0.5M KOH (methanol) and exposed 
to -1.5 V for 120 seconds and immediately rinsing with DI water.  The electrode is then 
placed in a 2 mg/mL solution of Cytochrome C (25 mM phosphate buffer, pH 7.4) at 4
o
C 
for 24 hours.  Once removed, it is lightly rinsed with cold phosphate buffer and stored in 
buffer at 4
o
C when not in use. 
4.7.2 Results and Discussion.  
This superoxide detection scheme is based on enzymatic redox reactions with 
superoxide, which in turn generate a current proportional to the concentration of 
superoxide in the system.  The initial design was that of Tian et al.
21, 22
 Briefly, a self-
assembled monolayer of 3-mercaptopropionic (MPA) acid is placed on a clean gold 
surface.  The MPA is then exposed to a solution of Cu/Zn superoxide dismutase.  
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Electrostatic forces then cause SOD to adhere to the MPA layer, Figure 4.19.
23
   The 
mechanisms of superoxide detection via SOD can be found in Chapter 2.  
 
Figure 4.19 Schematic of superoxide attachment to a gold surface via 3-MPA. 
Due to the aspect ratio problem discussed in the previous section, it was felt that only 
including two electrodes would allow for larger traces and help eliminate problems 
during fabrication.  It was assumed that if both electrodes were functionalized as in 
Figure 4.5, and the correct potential was held between the two electrodes, it would 
allow one electrode to reduce superoxide while the second electrode would cause 
oxidation ( Mechanism 1 and 2 in Figure 2.5).  This would create a current proportional 
to the concentration of superoxide present in a conductance like manner, similar to the 
conductance-related measurement of I2 in the automated Karl Fischer titration for 
water.  This approach seemed promising at the outset, as a signal was detected when 
the biased electrode pair was exposed to superoxide.  However, due to the kinetics of 
the electrode, it sometimes took up to several minutes for the signal to reach steady 
state when exposed to superoxide, and the electrodes seemed to pick up random noise, 
making the signal difficult to detect.  Mostly due to the length of time it took for the 
sensor to reach steady state, it was deemed that this set up would not be suitable for 
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real time detection in vivo and efforts reverted to the amperometric single sensor 
two/three electrode setup.  In hindsight, it was not verified that the signal detected was 
actually that of superoxide, protein adsorption of xanthine oxidase, or interference of 
another sort.  
It was when attention moved back to chronoamperometry as the mode of detection 
that problems using SOD became clear.  SOD would be adsorbed using the procedure 
from Tian and coworkers, however, no signal could be seen when exposed to 
superoxide.  It was found that the SOD peaks due to oxidation or reduction of the Cu 
bound in the enzyme's heme group found during cyclic voltammetry were gone after 
either being used for chronoamperometry or being left to sit in buffer (4
o
C) overnight, 
Figure 4.20.   
 
Figure 4.20 Cyclic voltammetry of the SOD/Au/Kapton™  electrode before exposure to 
chronoamperometry  (300 mV) (red) and after exposure (blue) in 25 mM phosphate buffer, 0.5 
V to -0.5 V at 0.1 V/s 
79 
 
Either the SOD had denatured, the Cu/Zn have somehow been removed, or SOD had 
completely disassociated from the thiol layer.   It is difficult to determine which of the 
three is the actual cause as the CV would look the same for each.  The electrodes could 
be placed back into a phosphate buffer solution containing zinc chloride and SOD peaks 
could be regenerated but vanished after being stored overnight in the zinc/phosphate 
buffer, Figure 4.21. 
 
Figure 4.21 Cyclic voltammetry of the SOD/Au/Kapton™  electrode after being placed into a 
saturated ZnCl2 buffer solution(red) and after 24 hours (blue) in 25 mM phosphate buffer, 0.5 V 
to -0.5 V at 0.1 V/s 
While it could be theorized that the metals are being sequestered from SOD, further 
investigation is needed to find the cause. After two years of exhausting ideas on 
stabilizing SOD onto the electrode surface (i.e. varying thiol chain length, creating mixed 
thiol layers and/or covalently bonding SOD to the thiol surface using N-(3-
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Dimethylaminopropyl)-N′-ethylcarbodiimide(EDC )chemistry, it became clear that using 
SOD for chronoamperometric detection of superoxide would not be successful.  
Reviewing the literature, all the articles citing Tian’s work, either were describing failed 
attempts to modify a gold electrode or just a review of superoxide detection.
24-30
  As of 
yet, there are no published articles repeating Tian’s work where the outcome has been 
successful.  Tian’s latest paper, where he utilized the thiol/SOD concept, concluded 
stating that research efforts were being focused on miniaturization of this type of 
electrode on thin gold films.  However, no publication followed.
22
  Tian then hinted in a 
2008 publication that the design has stability and reproducibility issues.
31
   Considering 
that the focus of this research is not the stabilization of SOD onto an electrode surface, 
the focus of the design and fabrication of the working electrode needed to be changed.  
Efforts switched to using Cytochrome C as the detection protein.  Using the procedure 
stated in section 4.7.1, Cytochrome C was placed on the working electrode of the 
Kapton™ sensor.  Detailed discussion of DTSP can be found in Appendix B.  A cyclic 
voltammagram showing the characteristic peaks of Cytochrome C can be seen in Figure 
4.22.  
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Figure 4.22 Cyclic voltammegram of the Cytochrome C/DTSP/Au Kapton™ electrode in 25 mM 
phosphate buffer (pH 7.4), -0.3V to 0.5 V at 0.1Vs-1 
The same procedure was then used to modify the working electrode on the Kapton™ 
sensor.   Typical CV examples of a Cytochrome C/DTSP/Au/Cr/Kapton™ sensor can be 
seen in Figure 4.23 with varying scan rates.  The overall CV shape is unchanged over the 
scan rates indicating a stable confinement of Cytochrome C on the surface.  Peak 
currents were found to be proportional to the scan rate, Figure 4.24.  
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Figure 4.23 Cyclic volammagrams of Cytochrome C/DTSP/Au Kapton™  working electrode 
varying scan rates 0.1V (red), 0.2V (blue), 0.3V (green) and 0.4V (black) in 25 mM phosphate 
buffer (pH 7.4) at 0.1 Vs-1 
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Figure 4.24. Peak current versus scan rate for the Cytochrome C electrode 
The Cytochrome C based working electrodes were found to be very reliable.  (see 
Chapter 5 for response and calibration).  It was also found that Cytochrome C can be 
anchored onto a gold surface using a water soluble derivative of DTSP called DTSSP. 
Here, the procedure is identical except the DI water is used in lieu of DMSO.  A typical 
CV of such a working electrode can be seen in Figure 4.25. While DTSSP can be used, the 
superoxide signal is not as large as when Cytochrome C is anchored with DTSP. 
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Figure 4.25 CV of  Cytochrome C electrode using DTSSP as the thiol link in 25 mM phosphate 
buffer (pH 7.4) at 100 mV/s. 
4.8 Modification of the Counter Electrode 
4.8.1 Procedure.  
Twenty-five microliters of distilled pyrrole is added to 1.0 mL of 0.1 sodium 
poly(styrenesulfonate) (in DI water).  The pH is brought to 11 by adding 0.25 M 
potassium hydroxide.  A clean gold surface is placed in the pyrrole plating solution and 
held at 750 mV for 5 seconds.  To avoid pyrrole polymerizing on other gold surfaces, 
they can be biased  -600 mV during the 5 seconds.   
4.8.2  Results and Discussion.  
The preparation of the counter electrode was designed and refined by Edward Chianani 
and will be discussed in detail in his dissertation.  The counter electrode, also referred to 
as an auxiliary electrode, is included in any electrochemical work when current is being 
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passed.  The main purpose of the counter electrode is to assure that no current passes 
through the reference electrode.  Ideally the surface area of the counter electrode is 
twice that of the working electrode. Gold, platinum or carbon is typically used due to 
their inert nature.  Since gold has already been patterned for the sensor design, it was 
decided that it would make for an affective counter electrode.  The main objective is for 
the sensor to be placed in biological systems where any number of proteins and other 
biologically relevant compounds can easily adsorb to a gold surface and interfere with 
the effectiveness of the counter electrode.  To prevent that from happening, a simple 
coating on the gold which would allow for the passing of electrons but not biomolecules 
will help keep the electrode’s integrity.  Polypyrrole is the polymerized chain deriving 
from pyrrole.  It is a conducting polymer and is also biocompatible making it ideal for 
protecting the counter electrode of this sensor. Initially, when polymerizing pyrrole onto 
the electrode, it was found that it would grow radially as the iridium oxide initially did.  
To correct this, other electrodes are held at a non-polymerizing potential, 0 V, during 
the modification of the counter electrode.  Up to this point, the use of an inclusive 
counter electrode has not been performed and may not be necessary as a benefit of a 
working microelectrode generally eliminates such a need. 
4.9 Conclusions/Future Directions 
There are many considerations when designing a sensor.  Kapton™ has been found to be 
ideal for flexible electronics.  However, delamination still plagues gold patterning on 
Kapton™ .  Further investigation into the cause of delamination would be very 
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beneficial.  Logical thinking would conclude it is an issue with moisture or oxidation 
between the gold and the binding metal.  Finding other ways to adhere gold irreversibly 
to Kapton™ would be of monumental benefit.  
Iridium oxide proves to be a reliable quasi reference electrode as long as it is kept within 
biological pHs. However, it has proven to foul when exposed to extreme pH’s and if used 
for other applications, might not be ideal.  However, in this case, iridium oxide is 
acceptable. Further investigations are needed to determine damage what, if any, that 
might occur while the sensor is exposed to DMSO during thiol adhesion. 
While the process of linking Cytochrome C onto the surface of gold has been reasonably 
optimized, Cytochrome C is not specific for superoxide.  Investigations of binding SOD to 
the electrode surface while retaining its activity would be extremely useful.  Because 
this design can offer several electrodes, utilizing these for multispecies detection would 
broaden the scope of this design. 
The last hurdle for this sensor is to put all three of these electrodes onto the sensor.  As 
of yet, only the use of the working and reference electrode have been proven.  
However, it might prove to be that the working electrode is small enough that the 
reference electrode can also double as the counter. 
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CHAPTER 5 
RESPONSE, CALIBRATION AND INFERENCE STUDIES OF MICRON SCALE SENSOR 
Once the sensor has been fabricated, the next logical step is the response and possible 
interferents of detection.  This chapter explores the response to superoxide with and 
without the presence of possible interferents.  This data was taken in collaboration with 
Dao Thang Phuong.  Figures and data presented in this chapter may be used in future 
publications where she is the main or co-author. 
5.1 Introduction 
Reactive oxygen species (ROS) are natural byproducts of cellular metabolism.
1, 2
  
However, when cellular concentrations exceed what can be handled by the cell's 
defenses, the presence of ROS can be devastating.  ROS have been linked to aging, 
cancer, neural disease, and noise induced hearing loss (NIHL).
2-4
  Because of this, the 
real time detection of ROS can help unlock understanding of biological mechanisms and 
lead to improvements in disease prevention and therapeutics.  Many properties of ROS 
are detrimental to their own in vivo detection, mainly their short half life and low 
physiological concentration.
5
  Several techniques are available for the detection of ROS 
but all fall short for in vivo capabilities, (Chapter 2).   
Electrochemical sensors based on protein immobilization have shown great promise in 
the detection of ROS.
6
  However, no literature has cited calibration of a Cytochrome C 
electrode.  Previously published studies have shown success in immobilizing 
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Cytochrome C onto a bulk gold surface and proving response when superoxide is 
present, however, it is a single response without calibration.  There are still other 
studies which did not include the introduction of SOD to remove superoxide and 
demonstrate corresponding signal reduction to validate the signal.
7, 8
 
A pulled capillary gold electrode could be modified as described in Chapter 3 and used in 
vivo for ROS detection.  However, pulled electrodes have disadvantages such as 
brittleness, making it difficult to modify and place in vivo. Some testing would benefit from 
multiple electrodes in the same vicinity, which is increasingly difficult for each pulled electrode 
placed.  What would be of interest is a biocompatible sensor that is flexible and allows 
for several electrodes to be located in the area of interest, either to employ several 
working electrodes or just to ensure the lowest noise signal is achieved.  The design, 
fabrication and modification of such a sensor were described in detail in Chapter 4.  This 
chapter focuses on the in vitro response, calibration, and interference studies.  The 
ultimate objective of this sensor is for study of ROS aspects of NIHL in a gerbil cochlea.  
Biological interferents that might naturally be present such as hydrogen peroxide, 
glucose, NADH, citric acid, ascorbic acid, and uric acid are among the most common and 
are subject to analysis.  Since in vivo studies will require the gerbil’s cochlea to be exposed to 
intense noise, it is also of interest to investigate the effects of ultrasound on the sensor’s 
response. 
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5.2 Instrumentation 
Unless otherwise noted, a CH660 (CH Instruments) is the potentiostat used. When 
indicated, a Keithley 6485 is used for measurements requiring a picoammeter.  Unless 
stated, all electrochemical measurements are made using a Ag/AgCl reference electrode 
and a Pt counter electrode. All ebeam work is done on a Temescal six pocket E-Beam 
Evaporation System.  All UV exposure is completed using a Karl Suss MJB3 Mask aligner.  
A HI3222 pH/ORP/ISE meter (Hanna Instruments) is used for all pH measurements.  An 
Ultrasonic Homogenizer (model 150 V/T) and Sonabox II Sound Abating Chamber is used 
for ultrasonic exposure (both Biologics).  Oxygen plasma cleaning is done with a March 
CS 1701 RIE  and RFX 600 generator. 
5.3 Chemicals and Solutions 
All chemicals are of reagent grade and used as received unless otherwise noted.  
Xanthine, xanthine oxidase, superoxide dismutase (SOD), β-nicotinamide adenine 
dinucleotide, reduced disodium salt (NADH), citric acid, ascorbic acid, and hydrogen 
peroxide were purchased from Sigma Aldrich (St. Louis, Mo).  Monosodium phosphate, 
monohydrate and disodium phosphate, heptahydrate were purchased from EMD 
Chemicals (Gibbstown, NJ).   
A 50 mM, pH 7.4 phosphate solution is created by dissolving 0.1558g of monosodium 
phosphate, monohydrate and 1.037g disodium phosphate, heptahydrate into 100 mL of 
DI water.  It is diluted 10:1 to obtain a 25 mM solution which is used for experiments. 
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A 2mM xanthine solution was made by dissolving 0.006 g of xanthine in 50 mL of 25 mM 
phosphate buffer (pH 7.4).  It is mechanically stirred on low at low heat to dissolve the 
xanthine. The solution is allowed to cool to room temperature before being used. Over 
time, the xanthine will precipitate and can be redissolved by heat and stirring.   
A 30 µM solution of SOD was made by dissolving 0.2 mg of SOD in 200 µL of 25 mM 
phosphate buffer. 
A 0.8 mg/mL solution of xanthine oxidase is created by diluting 5 µL of a 16 mg/mL 
suspension of xanthine oxidase to 105 uL using 25 mM phosphate buffer (pH 7.4) 
Artificial perilymph contains 112 mM NaCl, 4.2 mM KCl, 1 mM MgCl2, H2O, 3.4  mM 
NaH2PO4, 5.3 mM Na2HPO4, 21 mM NaHCO3M and 3.6 mM glucose  in DI water. 
Specifically, 0.659g NaCl, 0.0313 g KCl, 0.0203 g MgCl2. 6H2O, 0.0475 
NaH2PO4.H2O,0.0764 g Na2HPO4, 0.1764 g NaHCO3, and 0.0649 g glucose for every 100 
mL of DI water.  
5.4 Calibration of Cytochrome C Electrode 
5.4.1 Procedure.  
Following Appendix C, the xanthine/xanthine oxidase reaction should be calibrated as 
close as possible to the calibration of the sensor. One must be cognizant of the time 
spent on both calibrations, as the concentration of superoxide generated depletes over 
time (Chapter 3).  All electrochemical work is done in a Faraday cage which has been 
grounded to the earth ground. 
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A two electrode Kapton™ sensor with a Cytochrome C modified working electrode (See 
Chapter 4 for design, fabrication and modification) is removed from 25 mM phosphate 
buffer (pH 7.4) and rinsed with cold 25 mM phosphate buffer (pH 7.4) and placed in a 
2mL solution of xanthine (2 mM).  A stir bar is added to the reaction cell along with a 
Ag/AgCl reference electrode and a Pt wire as a counter electrode.  A potential of 200 mV 
is applied to the working electrode using a potentiostat.  The working electrode is 
connected to a picoammeter.  Background current is recorded for a period of time to 
establish a stable background current.  Serial injections of the xanthine oxidase solution 
are added to the reaction cell and the mechanical stirring is turned on for 20 seconds 
and then turned off.  A final 50 µL injection of the SOD solution is added to the reaction 
cell.  Again, mechanical stirring is employed for a brief period and then stopped while 
current data continues to be collected until the end of the analysis.       
5.4.2 Results and Discussion.   
A two electrode Kapton™ Cytochrome C modified electrode (50 µm × 3 mm) has been 
calibrated using the procedure in Section 5.4.1 with three serial additions of 25 µL 
aliquots of the xanthine oxidase solution, equivalent to a 4.52 mM addition of 
superoxide for each addition, followed by a 50 µL injection of the SOD solution.  A 
typical response can be seen in Figure 5.1, which is processed into the calibration curve 
in Figure 5.2. The actual data and standard deviations are listed in Table 5.1. 
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Figure 5.1 Chronoamperometry response of Cytochrome C (200 mV) to 4 additions of 25 µL of 
xanthine oxidase solution in 2mM xanthine solution, followed by addition of SOD to bring signal 
back to background current. Data has been box averaged for every 10 data points. 
 
µl XO added 
Average Current Change from 
Baseline(pA) Standard Deviation 
25 14 8 
50 20 4 
75 22 2 
100 24 4 
 
Table 5.1 Actual current changes from baseline for Figure 5.1 along with standard deviations. XO 
being xanthine oxidase. 
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Figure 5.2 Calibration curve of the Cytochrome C response in Figure 5.1 fitted by linear 
regression. 
With each addition of xanthine oxidase, a shift in current was detected.  To ensure that 
the signal was indeed from superoxide, SOD was added after the 4 aliquots of xanthine 
oxidase, dropping the current 67% of the way from maximum towards baseline. The 
large fluctuations in current around 100, 200, 300, 400 and 500 seconds indicates the 
time during which the stirring was taking place.  The large disruption caused by the 
stirring is the reason that the solution is not mechanically stirred throughout the 
analysis.  The spinning of the magnet creates an induced current, creating fluctuations 
that are larger than the signal.  Further development in a flow cell type system could 
prove to be beneficial. 
It is clear by these results that the response is not exactly linear. This is not surprising.  If 
one considers Equation 3.6, the concentration of superoxide is proportional to the 
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square root of xanthine oxidase concentration.  So if the change in current is plotted 
against the square root of the xanthine oxidase volume, the plot should be, and is, more 
linear, Figure 5.3 
 
Figure 5.3 Calibration plot for Figure 5.1  Here the change in current is plotted against the 
square root of the xanthine oxidase volume. 
The line does not intersect at the origin and this is not too surprising.  Superoxide is 
dismutating, the electrode itself is consuming superoxide, and interferents, examined 
further in Section 5.5, are known to be present; there is bound to be uncompenstated 
current.  The inability for the signal to reach baseline upon the addition of SOD also 
hints at interference from H2O2.  Recently,  Kelly et al. studied the xanthine/xanthine 
oxidase reaction and found hydrogen peroxide to be the major product even at early 
times, prior to when the long-known suicide reaction occurs.
9
  Hydrogen peroxide is a 
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known interferent when working with Cytochrome C and could possibly be the cause for 
the shift in baseline. 
Due to the complications with using xanthine/xanthine oxidase as a superoxide source 
(see Chapter 3) it is impossible to perform standard deviations for each data point, as it 
is impossible to inject the fixed concentration increments of superoxide.  It is also in vain 
to compare signals between individual electrodes as the exact working area on each 
electrode is different, a problem that is in the process of being remedied. Therefore, as 
it stands, each electrode should be calibrated to the best of one’s ability by running a 
spectrometric analysis of the xanthine/xanthine oxidase solution and quickly moving on 
to the calibration of the Cytochrome C electrode.  What is significant is that these issues 
are finally being addressed.  These are the first flexible electrodes which have been 
modified to monitor superoxide in real time.  They yield a signal that is complimentary 
to the kinetics of the xanthine/xanthine oxidase.  
An area of concern is the background noise.  There has been an unexplained increase of 
noise within the lab space starting in September of 2006 and every effort has been 
made to lessen its effect.  Data is obtained using a Faraday cage which is directly 
connected to a dead earth ground.  All electronics are plugged into the same surge 
protector outlet which is then cheated, by passing the building electrical ground to 
avoid ground loops.  Even then, all data presented has been boxcar averaged (10 points) 
to obtain a clearer view of current changes.  Care has been taken to average no more 
than data obtained within one second, assuming that, for now, 1 Hz is a reasonable 
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response time.  As will be discussed in Chapter 6, this noise is minimized when obtaining 
data in a grounded room which is devoid of RF interference.  This noise limits the 
determination of the electrode's lowest possible limit of detection and the cause for 
such large standard deviations seen in the chronoamperometry plots. 
5.5 The Study of Chemical Interferents  
5.5.1 Procedure. 
A 3 mm  macroelectrode is cleaned using alumina powder with successively smaller 
particle size (1.0, 0.3 and 0.05 mm) with generous cleaning in DI between each.  The 
electrode is then placed in a 0.05 M H2SO4 solution and cycled between -0.5 to 0.5 V at 
10 V/s until a clean CV is obtained.  The clean electrode is modified with DTSP and 
Cytochrome C using the procedure put forth in Chapter 4.  The DTSP/Cty C electrode is 
then placed in a 3 mL xanthine solution (2mM in artificial perilymph).  The sensor is then 
held at 200 mV until a stable background is obtained.  A volume of xanthine oxidase 
solution is added to the solution and the solution is mechanically stirred for a brief time.  
A volume of interferent is then pipetted into the solution and the mechanically stirring is 
turned on for a brief moment and then turned off.  Finally, a volume of superoxide 
dismutase is added to the solution and mixed for a brief time to void the solution of 
superoxide. 
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5.5.2 Results and Conclusions 
As with any newly designed sensor, it is important to investigate the possibilities of any 
false positives.  Cochlear fluid consists of very little protein and mainly chloride, sodium 
or potassium ions, Table 2.1.  Because of this, one would assume interferents would 
remain at a minimum.  However, whenever working in a biological environment, it is 
advantageous to monitor for common biological species.  Uric acid and hydrogen 
peroxide are also products generated in the xanthine/xanthine oxidase reaction and/or 
a product of superoxide dismutation.  While significant concentration of uric acid is not 
expected in the cochlea, it will be present during the calibration process until a better 
method for calibration of superoxide can be perfected.  Glucose is present in the 
cochlea at 3.6 mM and is a valid concern for biofouling.  NADH and citric acid are also 
biologically important in metabolism and are most certainly present if a cell were to 
undergo apoptosis, a probable outcome of NIHL.  Ascorbic acid is a common radical 
scavenger and is essential for such scavenging in biological settings. The response for all 
interferents can be seen in Figures 5.4 – 5.9 and a summary of the results appears in 
Table 5.2 
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Figure 5.4 Chronoamperometry of DTSP/Cty C electrode in the presence of 50 µL xanthine 
oxidase (5.2 µM superoxide) , 50 µL of ascorbic acid (3.75mM) and 50 µL of SOD (2 mg/mL) at 
200 mV. 
 
Figure 5.5  Chronoamperometry of DTSP/Cyt C electrode in the presence of 50 µL xanthine 
oxidase solution (5.2 µM superoxide),  50 µL of glucose (3.75 mM), and 50 µL of SOD (2 mg/mL) 
at 200 mV. 
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Figure 5.6 Chronoamperometry of DTSP/Cyt C electrode in the presence of 50 µL xanthine 
oxidase (5.2 µM superoxide), 50 µL hydrogen peroxide (3.75 mM) and 50 µL of SOD (2mg/mL) at 
200 mV. 
 
Figure 5.7 Chronoamperometry of DTSP/Cyt C electrode in the presence of 50 µL xanthine 
oxidase (5.2 µM superoxide), 50 µL NADH (3.75 mM) and 50 µL of SOD (2mg/mL) at 200 mV. 
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Figure 5.8 Chronoamperometry of DTSP/Cyt C electrode in the presence of 50 µL xanthine 
oxidase (5.2 µM superoxide), 50 µL uric acid (3.75 mM) and 50 µL of SOD (2mg/mL) at 200 mV. 
 
Figure 5.9 Chronoamperometry of DTSP/Cyt C electrode in the presence of 50 µL xanthine 
oxidase (5.2 µM superoxide), 50 µL citric acid acid (3.75 mM) and 50 µL of SOD (2mg/mL) at 200 
mV. 
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Interference Change in Current From Baseline,(pA) 
XO Interferent  SOD 
NADH 159  139  
(13%)  
22  
(86%)  
Citric acid 90  84  
(7%) 
36  
(60%) 
Uric acid 158   157  
(1.4%) 
52.2  
(67%) 
Ascorbic acid 130  52  
(60%) 
39  
(70%) 
H2O2  162  150 
(8.2%) 
140  
(17%) 
Glucose 110  88  
(20%)  
25  
(77%)  
Table 5.2 Summary of the effects of common interferents during chronoamperometric 
determination of superoxide via DTSP/Cyt C electrode, including the percent of signal change. 
Each figure shows large fluctuations when additions are made into the cell due to the 
presence of mechanical stirring as explained in Section 5.4.2.  Figure 5.4 illustrates 
ascorbic acid’s antioxidant ability to scavenge superoxide.  Upon addition, the signal 
from superoxide drops to nearly half of the initial rise of current.  Addition of superoxide 
dismutase brings the signal no closer to baseline than did the ascorbic acid.  Naturally 
occurring ascorbic acid would decrease the concentration of superoxide in vivo.  
However, the point at which superoxide is to be monitored (post exposure to noise), 
natural defenses may have been depleted and the concentration of any endogenous 
106 
 
antioxidants would be minimal.  NADH, citric acid, and uric acid, showed negligible 
effects on the sensor’s function.  While hydrogen peroxide is known to reduce 
Cytochrome C, the effects in the presence superoxide are nearly immeasurable.  
However, H2O2 hinders the ability of superoxide dismutase to return signal to baseline. 
This could be due to an exchange of superoxide response for a H2O2 response while 
maintaining the same current.  Even adding catalase could possibly not shed light on this 
issue as the signal could just as easily switch back to superoxide oxidation.  If this were 
the case, then hydrogen peroxide could hinder the sensor’s ability to monitor 
superoxide.   
Glucose is present in cochlear fluids and showed a 16% change in current when 
introduced in the presence of superoxide and, like hydrogen peroxide, hindered the 
effectiveness of superoxide dismutase to return signal back to baseline.  This trial was 
repeated several times for glucose, and while each did not return back to baseline, the 
sensor continued to work, demonstrating little to no biofouling. 
5.6 The Influence of Ultrasound on Signal 
5.6.1 Procedure  
To achieve a control response, a two electrode Kapton sensor is modified as described 
in Chapter 4.  It is placed in a 3 mL solution of xanthine (artificial perilymph, pH 7.4).  
The probe of the Biologics homogenizer is also placed in the reaction cell along with the 
counter and reference electrode.  A potentiostat is used to supply a potential of 200 
mV, and current is monitored over time.  A background current is collected until a 
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steady baseline is achieved (typically 100 seconds).  A 50 µL injection of xanthine 
oxidase (10 µL of suspension in 200 µL of25 mM phosphate buffer, pH 7.4) is injected 
into the system and mechanical stirring is turned on for approximately 30 seconds, 
exposing the system to 5.2 µM superoxide  Current is recorded for at least 100 seconds 
before an injection of 50 mL SOD (2 mg/mL) is introduced into the system and 
mechanical stirring is again used for 30 seconds. The current continues to be monitored 
for at least 100 more seconds before the analysis is terminated. 
The same electrode is rinsed thoroughly with cold 25 mM phosphate buffer (pH 7.4) and 
placed in a clean 2 mM xanthine solution.  The probe for the ultrasonic homogenizer is 
placed into the reaction cell along with the reference and counter electrode.  Again, the 
current is monitored using a picoammeter and voltage supplied by the potentiostat.  
Holding the sensor at 200 mV, current is monitored until a stable background is reached.  
The homogenizer is turned on (50 pulses at 20% duty cycle with a power output of 20 W 
during each pulse) for approximately 75 seconds and turned off, allowing current to be 
monitored during and between pulses.  A 50 µL addition of xanthine oxidase solution is 
added to the solution.  The homogenizer is again turned on, same conditions, for 75 
seconds.  Finally, 50 µL of SOD (2 mg/mL) is added to the solution and the homogenizer 
is again turned on for 75 seconds.  Afterward, the current is monitored for at least 10 
seconds. 
 
 
108 
 
5.6.2 Results and Conclusions 
For in vivo testing of the sensor, 130 dB will be used.  Justification for this sound level is 
that damage to the hair cells is guaranteed.  Using the lowest power noticeable by 
humans (10
-12
 W) as the defined 0 dB reference for sound power level, the equivalent 
power in this experiment is 133 dB, nearly identical to eventual in vivo procedures.  The 
control response can be seen in Figure 5.10. 
 
Figure 5.10 Chronoamperometry of DTSP/CytC senor in artificial perilymph at 200 mV with 
homogenizer in cell but not active.  50 µL xanthine oxidase solution (10 µL suspension in 200 µL 
25 mM phosphate buffer) was injected around 125 seconds. 50 µL SOD solution (2 mg/mL) 
injected at 280 seconds. Data shown has been box averaged. 
After the injection of xanthine oxidase, the signal increased 52 pA.  The introduction of 
SOD caused the signal to drop 41 pA, leaving approximately 10 pA unaccounted for.  
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However, one cannot ignore the ± 14 pA noise in the system which has doubled when 
compared to data collected without the homogenizer present under the same 
conditions, Figure 5.1.  The electrical noise generated by the homogenizer is only of 
minor concern considering the in vivo applications will not require the metallic ultrasound 
horn and electrical equipment to be adjacent to the sensor.  The same experiment 
completed with the homogenizer energized can be seen in Figure 5.11. 
 
Figure 5.11. Chronoamperometry of DTSP/CytC electrode in artificial perilymph at 200 mV.  At 
100 s the homogenizer was turned on for about 75 seconds.  At 275 s 50 µL of xanthine oxidase 
(10 µL suspension in 200 µL of 25 mM phosphate buffer) was introduced and the homogenizer 
turned on for 75 seconds.  At 475 s, 50 µL of SOD solution (2 mg/mL) was injected and 
homogenizer was turned on for 75 seconds. 
The injection of xanthine oxidase created an increase of current of 80 pA.  Injection of 
SOD dropped the signal merely 3 pA., which is not above the background noise of 14 pA.   
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The huge noise fluctuation during the use of the homogenizer indicates that it cannot be 
used during the entire analysis.  The homogenizer provided sufficient mixing yielding a 
higher signal change when compared to the control run in Figure 5.10.  This could be 
due to more sufficient mixing.  Possible adsorption of xanthine oxidase or SOD on the 
ultrasound horn was not investigated.  However, the homogenizer could also generate 
either superoxide or hydrogen peroxide directly by cavitation.  Considering the results of 
electrode response to hydrogen peroxide, and the fact that SOD did not drop the signal 
back to baseline, it is very likely that hydrogen peroxide was generated instead of 
superoxide.  A possible explanation is the intense vibrations caused the SOD to fragment 
or denature.  If this were the case, then the signal would also not drop back to baseline.  
Why SOD would denature but xanthine oxidase would not is unclear.  Expansion of 
Figure 5.12 shows no indication of slow dismutation of superoxide pulses at the rate 
data was being recorded.  Further testing is needed to confirm. 
5.7 Conclusions 
This chapter studied the response and common intereference of the DTSP/Cty C 
electrode.  Not too surprisingly, the sensor responded as expected to the presence of 
superoxide.  Background noise seems to be a strong limiting factor in the lower 
detection range of superoxide and is evident in the standard deviations seen in the 
calibration plot.  Due to restrictions of the xanthine/xanthine oxidase superoxide 
generation system, calibration of the classical type is not possible.  Several 
improvements would help make the calibration more standard.  Isolating an exact area 
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of the electrodes for functionalization is key.  This is being developed in collaboration 
with Edward Chainani.  Briefly, after patterning of gold is complete, a layer of polyimide 
will be spin casted over the sensor.  Using lithography, only a specific area over the 
electrode and contact pads will be etched away, leaving a well defined work electrode.  
This will also help with adhesion issues addressed in Chapter 4.  Perfecting the 
nonenzymatic generation of superoxide via potassium superoxide will also help to 
elevate some of the calibration issues that are inherent with the xanthine/xanthine 
oxidase system.  NADH, H2O2, citric acid,  and uric acid show no significant interference 
when present during analysis.  Glucose does show interference and should be 
considered as it is present in the cochlear fluids. 
Ultrasonic exposure while the sensor is in use does indicate that quantitative 
interpretation of in vivo studies completed at 130 dB might be slightly questionable.  It 
could not be concluded that superoxide was indeed the cause of signal during these 
experiments either due to lack of function from SOD or due to hydrogen peroxide 
generation.  Further testing to include catalase would help differentiate 
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CHAPTER 6 
PLACEMENT AND STUDY OF SUPEROXIDE SENSOR WITHIN DEAD COCHLEA 
The work in this chapter was done in a close collaboration with Edward Chainani and Dr. Jon 
Siegel of Northwestern University.  Additional work is being completed by these co-workers and 
figures within this chapter may appear in future publications where one or both is the principle 
or co-author. 
6.1 Introduction 
Electrochemistry offers a benefit, among other things, of real time analysis.  This is of particular 
interest for cochlear research as chemical reactions occur quickly due to the short half lives of 
the species of interest, ROS.  The closest attempt to monitoring any sort of ROS in the cochlea 
previously was done by Shi et al., where nitric oxide was monitored using a commercial 
microelectrode which was implanted by piercing the cochlear wall.
1
  Ohlemiller et al. were able 
to monitor the generation of the hydroxyl radical using a pulled capillary electrode 
functionalized with 2,3-dihydroxybenzoic acid by monitoring OH oxidation of the dihydroxy acid 
to salicylate.
2
  Implementation of a superoxide sensor within the cochlea has yet to be 
published.  
Testing a sensor in vivo brings forth complications that cannot be foreseen in the inanimate 
laboratory.  While interferents can be tested and calibrations, to the best of one’s ability, can 
be done, steps have to be taken incrementally so a complete analysis can be performed.  This 
chapter outlines the fitting and initial signal response within a dead gerbil cochlea to exclude 
any unexpected complications that might arise while previously characterized microelectrodes 
are placed in actual, not simulated, cochlea fluids. 
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Mongolian gerbils have been chosen to be the subjects of this study as they have the advantage 
that their ear structures are located on the outside of the skull.  This allows for less invasive 
placement of the electrode than would be the case for most other mammals.  A small 
dissection is needed to introduce the electrode through the round window and into the 
perilymph of the scala tympani, Figure 6.1 
 
Figure 6.1  Illustration of the cochlea showing the round window slightly below that of the oval window.  
Permission granted from www.wikipedia.org under the terms of the GNU Free Documentation License. 
This is not the chamber that houses the hair cells, however all the chambers do combine at the 
apex of the cochlea.  Therefore, if superoxide is generated at the hair cells, diffusion would 
cause an increase of superoxide in the scala tympani.  Furthermore, if cavitation is the source of 
superoxide, the most likely position for such cavitation is behind the oval window (where the 
stapes connects to the cochlea) and immediately behind the round window (via sound pressure 
conduction through the tectorial membrane).  If future in vivo data shows no signal from 
Organ   
of Corti 
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superoxide, it might be necessary to perform a more invasive implantation of the sensor so that 
it does lie within the scala media.   
6.2 Instrumentation 
All data was collected using a CH660 (CH Instruments).  A HI3222 pH/ORP/ISE meter (Hanna 
Instruments) is used for all pH measurements. A chlorinated silver wire (tested as 60 mV vs 
Ag/AgCl due to different ion concentration between saturated KCl salt bridge and actual 
cochlear fluid) is implanted into the neck muscle of the gerbil and is used as a reference 
electrode.  A Pt wire is then inserted into the gerbil's muscle mass to serve as the counter 
electrode.  All experimental work is completed in an electrically shielded double-walled sound 
isolation chamber (Acoustic Systems RE-144) 
6.3 Chemicals and Solutions 
Monosodium phosphate, monohydrate and disodium phosphate, heptahydrate were 
purchased from EMD Chemicals (Gibbstown, NJ).  Xanthine, xanthine oxidase, and superoxide 
dismutase were purchased from Sigma (St. Louis, MO).  All chemicals are of reagent grade and 
used as received unless otherwise noted.  
A 50 mM, pH 7.4 phosphate solution is created by dissolving 0.1558g of monosodium 
phosphate, monohydrate and disodium phosphate, heptahydrate into 100 mL of DI water. It is 
diluted 10:1 to obtain a 25 mM solution which is used for experiments. 
A 2mM xanthine solution was made by dissolving 0.006 g of xanthine in 50 mL of 25 mM 
phosphate buffer (pH 7.4).  It is mechanically stirred on low at low heat to dissolve the 
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xanthine. The solution is allowed to cool to room temperature before being used. Over time the 
xanthine will precipitate and can be redissolved by heat and stirring.   
A 30 µM solution of SOD was made by dissolving 0.1 mg of SOD in 100 µL of 25 mM phosphate 
buffer. 
A 0.32 mg/mL solution of xanthine oxidase is created by diluting 2 µL of a 16 mg/mL suspension 
of xanthine oxidase to 102 µL using 25 mM phosphate buffer (pH 7.4) 
6.4 Procedure 
Fitting the Sensor: A fully excised gerbil cochlea is placed in a petri dish and immersed in clean 
DI water.  The round window was pierced using a sterile needle and a non functionalized, two 
electrode, Kapton™ sensor was placed through the round window, directly into the scala 
tympani. 
Response of Sensor: A three electrode Kapton™ sensor is fabricated and modified as detailed in 
Chapter 3.  After the electrode was incubated in Cytochrome C, it was removed and rinsed with 
cold 25 mM phosphate buffer (pH 7.4).  The electrode, in this case, was used the same day and 
was placed in cold phosphate buffer when not in use.  The center electrode (50 µM by 3 mm) is 
used for experiments. 
The electrodes were tested in the cochlea of an unfixed head from a Mongolian gerbil.  The 
measurements were conducted inside an electrically shielded double-walled sound isolation 
chamber.  The specimen was obtained from a Northwestern University researcher through the 
standard tissue transfer protocol.  The head was fixed in a custom designed headholder.  The 
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soft tissue was removed overlying the posteroventral aspect of the right auditory bulla (middle 
ear cavity) and bone was removed to provide access to the cochlea.   Using a micromanipulator, 
the sensor electrode was advanced inside scala tympani of the basal cochlear turn through a 
hole in the round window and left in place during measurements. 
The potentiostat was used to apply a potential of 140 mV and background data was acquired.  
Next, a drop of 0.9% saline solution is dropped onto the opening of the round window and 
allowed to diffuse in just after 100 seconds and then again just after 200 seconds.  A new 
experiment began (using the same sensor) by obtaining a stable background current at 140 mV.  
During the stabilization, in a centrifuge tube, 100 µL of the 2 mM xanthine solution was mixed 
with 5 µL of xanthine oxidase suspension and mixed thoroughly to create a 4.1 µM solution of 
superoxide.  Once the background stabilized and drop of the xanthine/xanthine oxidase 
solution was placed at the opening of the round window.  Additional drops of 
xanthine/xanthine oxidase were added every 100 seconds for an additional 3 drops.  
The sensor was then placed in a rudimentary, shallow plastic weigh boat (as other small volume 
glassware was not available) along with the same reference and counter electrode.  A stir bar 
was also added for mechanical stirring.  2 mL of the 2 mM xanthine solution was added to the 
weigh boat and a 140 mV potential was applied.  After achieving a stable background, 5 µL of 
xanthine oxidase solution was added for a final concentration of 4.1 µM superoxide and 
mechanical stirring was turned on for about 20 seconds.  After 125 seconds, a 50 µL injection of 
SOD solution was made with mechanical stirring for 35 seconds. 
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6.5 Results and Conclusions 
There were initial concerns that the width of the tip might be a tight fit through the round 
window.  However, placing the sensor in the excised cochlea was effortless and there was 
ample room for the tip of the sensor, Figure 6.2 
 
Figure 6.2 Photograph of two electrode Kapton™ sensor placed through the round window of the gerbil 
cochlea. 
A photograph of the actual experiment in an euthanized gerbil can be seen in Figure 6.3.  Here 
the gerbil head is clamped and dissection allows for the sensor’s entry into the round window.  
For ease, the sensor is controlled by a micromanipulator.  An LED light is used to assist 
placement but is removed before any experimental work.  When working with live gerbils, 
there would not be exposed body mass.  This is present merely due to the humane euthanizing 
of the gerbil.  Realistically, it would require a small incision behind the external ear features.  
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The complete Kapton™ sensor will eventually contain its own reference and counter electrode, 
removing the need for the separate wire seen.  Not only will this minimize the invasiveness of 
the procedure but will also help to lower the noise interference from ion fluctuations within the 
cochlear fluids.   Here there is not an issue, as the hearing function is not active. 
 
Figure 6.3 Mongolian gerbil head dissected for insertion of the DTSP/Cyt C Kapton™ electrode into the 
scala tympani.  Also shown are the reference (bottom left wire) and counter (bottom right wire) inserted 
into the muscle mass of the gerbil. 
The background signal within the cochlea can be seen in Figure 6.4.  An initial current increase 
was detected between 15 – 50 seconds.  Due to the large amplitude, this is attributed to the 
settling of the sensor within the cochlea.  Cell rupture or reduction of cellular debris could also 
render another justification.  The remainder of the signal is stable-9.5×10
-10
 ± 7×10
-11
 A.  The 
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noise is a magnitude of 10 higher as would be expected in decaying tissue due to possible 
unknowns from the decaying process.   
 
Figure 6.4  Chronoamperometery of DTSP/Cyt C Kapton sensor at 140 mV vs chlorinated silver wire 
within scala tympani of a Mongolian gerbil.  Data has been boxcar averaged (10 points). 
The four additions of xanthine oxidase can be seen in Figure 6.5.  The first addition resulted in a 
430 pA change of current.  Subsequent additions caused a 210 pA, 80 pA and 29 pA shift in 
current, respectively, Table 6.1.  While the first two additions yielded significant shifts, the third 
addition caused a shift barely above the noise and the last addition created no significant shift.  
Two factors come into play, the ratio of superoxide compared to the concentration of xanthine 
oxidase and the finite volume of the cochlea.  As has been established previously, the 
concentration of superoxide is proportional the square root of xanthine oxidase concentration, 
Equation 3.6, resulting in a non linear response when compared to the concentration of 
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xanthine oxidase.  The cochlea also has a define volume.  Therefore, the concentration of 
superoxide present will soon reach a maximum regardless of additions of xanthine/xanthine 
oxidase to the round window, which is evident by the 4
th
 addition.  Unfortunately, a calibration 
for this experiment could not be performed.  The concentration of superoxide in the cochlea is 
solely dependent on the diffusion of xanthine/xanthine oxidase into the cochlea and the 
dilution of enzyme and substrate within the volume of the cochlea.  With more variables than 
can be controlled (i.e., the exact area of the opening), the exact concentration inside the 
cochlea cannot be calculated. However, the relative signal change versus the relative 
concentration of superoxide can be plotted and seen in Figure 6.6. The plot shows a linear 
response with nearly as seen in in vitro experiments, Chapter 5.  Error does increase with each 
addition due to the decrease in signal change while the noise remains the same.  What is 
significant; this data represents the first superoxide sensor placed within the (dead or alive) 
cochlea, demonstrating that a signal from the superoxide sensor can be obtained in the 
presence of biological fluids.   
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Figure 6.5  Chronoamperometry of DTSP/Cyt C at 140 mV vs chlorinated silver wire within the scala 
tympani of a Mongolian during superoxide exposure via xanthine/xanthine oxidase reactions. 
  
Change in Current (pA) Standard Deviation (pA) 
First Addition 430 50 
Second Addition 210 50 
Third Addition 80 50 
Fourth Addition 29 70 
 
Table 6.1 Response of DTSP/Cyt C electrode to the introduction of superoxide within the scala tympani 
of a Mongolian gerbil. 
O2
·- O2
·- O2
·- 
O2
·- 
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Figure 6.6 Plot of relative change in current versus the relative concentration of superoxide for data 
seen in Figure 6.4 
To test for continued functioning after cochlea exposure, the sensor was removed from the 
cochlea, rinsed with phosphate buffer and tested for response to superoxide identical to 
procedure established in Section 5.4.1.  The rudimentary setup can be seen in Figure 6.7.  This is 
not an ideal configuration.  However, the lab at Northwestern lacked small volume glassware, 
and since we felt it vital to obtain immediate testing, we made do with what we could find.  The 
injection of xanthine oxidase can be seen at 50 seconds followed by large noise fluctuations 
until 80 seconds from the mechanical stirring, Figure 6.8.  During the stirring, the bar repeatedly 
hit the sensor tip causing an increase in signal.  However, the signal eventually dropped to 800 
pA (± 300 pA) from baseline.  The addition of SOD brought the signal back to 98% of the 
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baseline.  The noise contribution is larger in this experiment largely due to the mechanical 
stirring and the less than ideal configuration of components.   
It is also important to note that the potentiostat not only generated the potential but was also 
used to monitor current.  Unlike Chapter 5 where noise was a huge issue, the anechoic 
chamber and electrical isolation room was able to lower the noise to the point where signal 
could be seen over the noise with only the circuitry in the potentiostat.  This is not to say that 
the picoammeter would not yield better results.  It would be advantageous to use one in the 
future just to obtain the best signal possible. 
 
 
Figure 6.7.  Electrochemical setup after exposure to gerbil cochlea with Ag/AgCl reference and Pt, 
counter electrode in 2 mM xanthine (25 mM phosphate buffer, pH 7.4). 
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Figure 6.8.  Chronoamperometery of DTSP/Cyt C electrode in 2 mM xanthine oxidase (25 mM phosphate 
buffer, pH 7.4) at 200 mV vs Ag/AgCl with response to injection of 50 µL injection of xanthine solution 
and 50 µL injection of SOD solution. 
6.6 Conclusions 
A DTSP/Cty C Kapton based electrode was fitted and tested in the cochlea of a dead Mongolian 
gerbil with the overall objective being to verify the ability of the sensor to work within the 
biological environment.  Even If the cochlea is no longer active, the cochlea fluids were still 
intact.  The entry of the sensor proved to not be an issue.  Electrochemical signal, while noisier 
than in vitro was able to be obtained using a potentiostat instead of a picoammeter.  Future 
work using the picoammeter would help to lower the noise levels to even lower levels.   
Background signal showed no extreme fluctuations in current albeit there was a large shift due 
to settling or reduction of debris.  As long as the electrode was held firmly in place, there were 
no other fluctuations.  Suitable amperometric response was detected with superoxide diffused 
O2
·- SOD 
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into the cochlea.  The electrode proved to still work after cochlea exposure showing no 
noticeable fouling.  Future direction for development and use of this sensor design is expansive 
and will be discussed in detail in Chapter 7. 
6.7 References 
1. Shi, X. R.; Ren, T. Y.; Nuttall, A. L., The electrochemical and fluorescence detection of nitric 
oxide in the cochlea and its increase following loud sound. Hearing Res. 2002, 164 (1-2), 49-
58. 
2. Ohlemiller, K., Early elevation of cochlear reactive oxygen species following noise exposure. 
Audiol. Neuro-otol. 1999, 4 (5), 229. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK INVOLVING 
SUPEROXIDE GENERATION AND FLEXIBLE SUPEROXIDE SENSORS 
Chapters 3 through Chapter 7 have described the design, fabrication, modification, and 
use of flexible electronics that can be tailored to detect superoxide within a gerbil 
cochlea.  While great advances have been made, they are not without need for further 
improvement.  This chapter discusses the successes and suggests recommendations for 
future work so that this sensor can be utilized for live animal studies. 
7.1 Superoxide on Demand 
While it has been known that the half life of superoxide can be extended by increasing 
the pH, the thought of using alkaline superoxide, rapidly quenched to physiological pH 
as a source for superoxide had yet to be addressed.  Our studies show great promise in 
harnessing superoxide stored as aquated, alkaline potassium superoxide with a shelf life 
of nearly 3.5 days, provided the pH maintained by KOH can be rapidly reduced by mixing 
with HCl.  As mentioned in the Chapter 3, there are still major improvements needed 
before potassium superoxide can become the new standard superoxide source.  Kinetic 
responses vary, depending on concentration.  Further exploration is being continued by 
Edward Chainani and Aaron Keith.  Edward and Aaron are also developing a microfluidic 
system to methodically lower pH to deliver small quantities of superoxide on demand 
for biological research.  When achieved, this system will definitely benefit the 
calibration of the superoxide sensor.   
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7.2 Sensor Design and Fabrication  
The overall design of the superoxide sensor has been incrementally improved over the 
years to make fabrication more reliable and reduce strain on gold patterning.  
Minimizing the electrodes’ length when the width is restrictive was key to efficient 
fabrication.  Future designs should use both sides of the Kapton™ for electrode 
patterning, increasing the number of available electrodes.  For bulk measurements, 
working electrodes can be placed on either side of the sensor.  However, when spatial 
resolution and short time response is desired, all the working electrodes should be 
included on the same side of the sensor and limit the overall number of working 
electrodes.  The sensor design offers the possibility of multiple working electrodes for 
both potentiometric and amperometric work allowing for pathological studies of 
hearing conditions.  The ultimate goal would be the simultaneous detection of O2
-•
, 
H2O2, NO, Na
+
, Cl
-
, H
+
/OH
-
, Ca
2+
, K
+
, and Mg
2+
with a spatial resolution better than 100 
µm.  The total length of the sensor makes in vitro work easier.  In vivo work can use a 
shorter sensor; however, with stationary animal subjects, the longer design works just 
fine.  Asthetically, smaller electronics always look sleeker than larger counterparts. 
Electron beam deposition was used to deposit gold (superficial to thin layers of Ti or Cr 
binders) onto the Kapton™ surface.  Both Cr and Ti have been proven to adhere to Au.  
Though desiccation delayed the impact, over time gold delaminates from the Ti or Cr 
surface, rendering the sensor useless.  Determining the cause of delamination would 
improve the stability of the electrodes and all other flexible electronics that utilize 
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Kapton™ as a substrate.  Ti was found to be a better anchor, as Cr would etch away 
during cleaning.  Cr also had a higher rate of delamination than Ti.  To eliminate 
delamination, we have devised using a polyimide coating over the electrodes and 
etching away a working area while keeping the edges of the gold coated with polyimide.  
Edward Chainani is bringing this to fruition. 
7.3 Modification and Response 
Cleaning and modifying thin films of gold on Kapton™ had not been well studied.  
Previous work with gold patterns on Kapton™ utilized unaltered gold surfaces.  
However, when modifying gold, the cleanliness of the surface is essential.  After testing 
several procedures, exposure to oxygen plasma yielded the best superoxide response 
due in part to a more uniform thiol layer.  Further testing in this area would be 
extremely beneficial, not only for this application but for any application employing 
Kapton™ as a substrate.  
The covalent bonding of Cytochrome C to the gold surface was successful, yielding 
expected amperometric responses given the source of superoxide.  This is no small feat 
considering there are no citations available for a flexible superoxide sensor.  It cannot be 
ignored that the use of Cytochrome C opens the door for interferents, such as hydrogen 
peroxide.  It was proven that in the presence of superoxide, hydrogen peroxide offers 
insignificant interference.  However, Cytochrome C can be reduced by hydrogen 
peroxide in the absence of superoxide.  This can be detrimental to the use of this sensor 
for superoxide detection.   Because of this, catalase should be incorporated into future 
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calibrations.  Generally speaking, the sensor can still be described as a flexible ROS 
sensor, again, something that has yet to be published.  Replacing Cytochrome C with 
SOD would be a huge milestone.  SOD is specific towards superoxide, but proved to be 
incapable of superoxide detection when immobilized in the same manner as 
Cytochrome C.  A third generation superoxide sensor incorporating SOD would really 
make this sensor more specific.   
Noise still seems to plague detection.  Despite the use of a Faraday cage, earth ground, 
and a picoammeter, the background noise is still overwhelming, requiring box averaging 
of data.  Identifying and correcting for the noise interference would allow for easier 
calibration and detection, and potentially would allow for higher temporal resolution.  
The flex circuit connector designed by Edward Chainani allows for simple connections to 
electronics.  However, the scale of the connector can be obtrusive.  Further 
miniaturization of a connector would allow for easier insertion of the electrode either in 
vivo or in vitro.    
7.4 In vivo  Sensing 
The DTSP/Cyt C electrode was successfully placed within a fully excised cochlea, showing 
no hindrance from the electrode design or from the pathway to the round window.  The 
same was proven using an intact (previous decapitated) gerbil head.  The sensor yielded 
appropriate responses when superoxide was diffused into the cochlea, demonstrating a 
lack of interference from static cochlear fluids  
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There has been significant headway made towards using the sensor in live animal 
testing.  The immediate next step is to check for superoxide production via cavitation.  
High sound field intensity can cause the development of gas bubbles which can be 
driven to collapse causing the generation of plasmas that, in the presence of O2 or 
water, can generate superoxide.  Testing for cavitation within a cochlea is simple.  A 
sensor is inserted within the cochlea of a dead gerbil.  The gerbil can then be exposed to 
intense noise (130 dB), afterward monitor for any signal changes, see Section 5.6.3.  
Once the contribution of cavitation is known, then measurements can be made on 
freshly excised cochlea.  If cultured correctly and used promptly, one can monitor for 
superoxide generation via loud noise exposure using a freshly decapitated gerbil head.   
Careful monitoring of effects due to potential fluctuations within the cochlea is 
necessary.  Glucose concentrations will also be greater in a fresh cochlea versus the 
previous dead cochlea.  Therefore, biofouling of glucose will need to be reexamined at 
this level.  Once complete and optimized, the sensor would then be ready for 
implantation into a live gerbil.  Completing the incorporation of the quasi reference 
electrode would help to minimize the invasiveness of the procedure.   
7.5 Other Applications 
As word of our superoxide sensor has spread, the applications others perceived for it 
expanded.  Due to the design, the sensor has been successfully used to obtain cyclic 
voltammograms in an ultrasonically levitated drop (Edward Chainani).  The platform also 
allows for various proteins to be bound to the surface.  Recently, Zakiah Pierre , Rachel 
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Behrens and Edward Chainani are attempting to bind soybean peroxidase to the gold 
surface for the analysis of hydrogen peroxide.  Benito Marinas, Helen Nguyen, Mark 
Shannon, Eric Mintz, and Mohammad Ghaffari, collaborators through the 
WaterCAMPWS program, are planning to utilize the superoxide sensor for studying the 
mechanisms of photocatalyzed water purification where superoxide may be a reactive 
intermediate.  Several faculty in Communicative Disorders research at Northwestern 
University are hoping to incorporate pH sensing along with superoxide sensing for 
further hearing research projects.  I am also currently working on a water toxicity 
screening device which incorporates this sensor for the Army Corps of Engineers. 
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APPENDIX A 
FABRICATION OF FLEXIBLE SENSOR 
Kapton sheets (500 VN or 500 FPC) are free sample orders from DuPont and can be ordered at 
the below website 
http://www2.dupont.com/Kapton/en_US/sample_request.html 
1.  A Kapton™ sheet is placed matte side up and cut into circles (9 cm diameter).  Ebeam 2 
can hold up to 13 plates and therefore can hold up to 13 circles of Kapton.   
2. In a clean room , adhere the Kapton™ sheets to steel plates using double sided table.   
3. Also in the clean room and using Teflon™ tweezers, rinse the surface with acetone, 
ethanol and isopropyl alcohol (IPA) drying with nitrogen in between. A final wash of DI 
water is also done with nitrogen drying.  Place each circle within a plastic petridish and 
placed in a dessicator until ready for use. 
4. Before being placed in the ebeam, oxygen plasma is used for a final cleaning.  This is 
done immediate before ebeam deposition.  March CS 1701 RIE  and RFX 600 generator 
found at MRL  
High Pressure parameters are: 
O2 (gas 1) = 80 sccm (standard cubic cm/min) 
CF4 (gas 2) = 0 sccm 
Pressure = 500 mTorr 
RF Power = 220 W 
Time = 300 s 
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BP/RP (initial pressure) = 55 or 60 mTorr 
Yeager parameters are: 
O2 = 20 sccm 
CF4 = 0 
Pressure = 135 mTorr 
RF Power = 100 W  
Time = 180 s 
BP/RP = 50 mTorr 
 
5. Ebeam is then used to deposit titanium and gold onto the surface of the Kapton.  
Typically 60-100 Angstroms of Ti is placed on followed by 2000 Angstroms of gold.  Upon 
removal from the ebeam, the Au/Kapton surface is flushed with nitrogen.  Each are 
placed back into their own plastic petridish and placed in a dessicator. 
The following lithography procedures are done within a clean room , using plastic tweezer, 
glassware to hold chemicals, and plastic pipettes to deliver chemicals. 
6. A gold coated Kapton™ circle is removed from the steel plate and placed on the specially 
designed chuck. This chuck assures not defects from vacuum channels.  1.5 mL of S1805 
photoresist is placed directly in the center of the circle.  The spinner is set to 300 rpm 
for 30 seconds and then started.   
7. Once stopped, the circle is removed from the spinner and placed onto a hotplate set at 
100 
o
C for no more than 3 min.  If allowed to sit too long the photoresist irreversibly 
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binds to the gold.  After 3 minutes, the circle is removed from the heat and allowed to 
cool. 
8. The circle is then placed onto the Karle Suss mask aligner (available in the clean room).  
The positive mask is placed emulsion side down onto the gold surface with a clean 
quartz slide placed on top.  Care is taken to adjust the height so that in contact mode, 
there is a good connection between the quartz plate and the aperture.  The overall idea 
is to minimal space between the mask and the gold surface.  The gold surface is exposed 
for 12 seconds and then removed. 
9. The circle is then place in MF 319 developer until one can see the photoresist being 
removed (2-3 seconds, 5 at the most).  The circle is then immediately rinsed with DI 
water leaving the electrode pattern in the photoresist. 
10. The circle is then placed in GE 1811 for 2-3 minutes as the Au and Ti are etched.  When 
removed, the circle is rinsed with DI water.  If a clean Kapton background is not seen, or 
if gold is still present where it should not be, it can be replaced back into the etchant 
and removed and rinse.  Once cleanly rinse, the electrodes have been fully patterned. 
11. Photoresist can be removed with acetone and electrodes should be stored within a 
dessicator until used.  
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APPENDIX B 
3,3’-DITHIODIPROPIONIC ACID DI(N-HYDROXYSUCCINIMIDE ESTER) 
DTSP is a homobifunctional cross linking reagent containing a cleavage disulfide linkage and two 
hydroxysuccinimide esters , Figure B.1  In the presence of gold, the disulfide bond breaks as the 
sulfur binds to the 1,1,1 crystal structure of gold.  The hydroxysuccinimide esters are good 
leaving groups which allow covalent binding to amines by amide bonds at physiological Ph.   
 
Figure B.1 Molecular structure of DTSP 
 
Figure B.2 Structure of self assembled monolayer of DTSP covalently bound to amines 
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For larger scale (mm diameter) gold surfaces, exposure to 10 mM DTSP for 5 min is sufficient to 
create an even self assembled monolayer (SAM).  Micron scale gold electrode ideally need at 
least 2 hours, preferably 12 hours, for a uniform SAM.  One must be aware that DTSP is not 
highly soluable and requires DMSO (dry).  Therefore, the electrode substrate must be taken 
into consideration due to the possible damaging effect of DMSO.  The polyimide coating placed 
on the Kapton™ sensors is sensitive to DMSO.  Long exposures damage the integrity, therefore 
a 2 hour exposure is ideal.   
CYTOP, a fluoropolymer, was once used to isolate electrode areas.  After exposure to DTSP 
followed by Cytochrome C, the electrode surface yielded CV with sharp peaks between 0.25 
and 0.38 V.  This peak was found to be caused by dilute amounts of DMSO within the reaction 
cell.  Typically, the formal potential of DMSO is 160 mV.  However, it is dependent on pH, 
Equation 1.  At pH 7.4, there is a shift in potential by 319 mV.  Given the compensation for using 
Ag/AgCl as the reference and the potential is also dependent on the concentration of DMSO, 
the hyphothesis is possible.
1
  It is thought that DMSO can seep between the CYTOP (known not 
to have great adhesion to gold) and the electrodes causing the peaks that are seen.  Because of 
this and adhesion issues using CYTOP, it is suggested that it not be used for metal isolation.    
B.1 References 
1. Izutsu, K.; Adachi, T.; Fujinaga, T., Electrochemistry of hydroxyl ion in DMSO-water and 
acetonitrile-water mixtures. Electrochim. Acta 1970, 15 (1), 135-&. 
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APPENDIX C 
THE GENERATION AND CALIBRATION OF SUPEROXIDE VIA XANTHINE/XANTHINE OXIDASE 
C.1 SOLUTIONS 
Prepare 25 mM phosphate buffer (pH 7.4) by placing 0.08g of monosodium phosphate, 
monohydrate and 0.52 g of disodium phosphate, heptahydrate into a 100 mL volumetric and 
dilute to the mark using DI water. 
Prepare a 2 mM solution of Xanthine in 25 mM phosphate buffer solution.  Mechanically stir on 
low heat until Xanthine is dissolved.  Xanthine will drop out of solution over time and can be 
redissolved by mechanical stirring on low heat.  
Prepare a 20 mg Cytochrome C for every 20 µL of 25 mM of phosphate buffer solution.  You will 
need 20 mL of this solution for each concentration of superoxide you wish to calibrate.  
Cytochrome C should be prepared fresh daily and any excess discarded. 
Prepare a 10 mM solution of DTPA in 20 mM NaOH.  This solution can be prepared in bulk and 
stored at 4
o
C. 
Prepare a catalase solution by first filtering the catalase solution using a 0.25 micron syringe 
fileter.  It is best to partition this filtered catalase into small centrifuge tubes to avoid 
contamination.   
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Prepare fresh for each calibration curve, a 5 uL suspension of xanthine oxidase suspension in 95 
µL of phosphate buffer solution.  This should be placed on ice.  It should be noted that this 
solution is active for 3 hours.  It then should be discarded.   
C.2 Instrumentation 
Spectrophotometric data is taken using a Hewlett Packard 8452A Diode Array 
Spectrophotometer.  
C.3 Procedure 
Each cuvette will be used to evaluate the concentration of superoxide generated by a specific 
volume of xanthine oxidase.  Therefore, choose between four and six cuvettes to obtain the 
ideal number of calibration points needed.  After a bottle of xanthine oxidase has been 
calibrated several times and proven to be linear, then only two cuvettes may be used. 
In each cuvette, pipette 
1.96 µL of xanthine solution 
20 µL of the filtered catalase 
20 µL of the DTPA solution 
20 µL of the Cytochrome C solution 
Cover with parafilm and mix thoroughly.   
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For each cuvette, place into the spectrophotometer and take a background reading.  Remove 
the cuvette and the parafilm covering the cuvette.  Inject the desired amount of xanthine 
oxidase solution.  (It is suggested to choose volumes between 5 µL and 40 µL.  Monitor the 
change in absorption using the kenetic program set at 550 nm and save the data.   
Plot Absorbance versus time for each run and perform a linear regression to obtain the slope of 
the line.  This can be labeled dA/dt.   
